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Transient  stimulated  Raman  amplification  in  hydrogen 


ABSTRACT 

We  describe  the  results  of  an  extensive  study  of  transient  stimulated  Raman  scattering 
In  hydrogen  gas.  Measurements  of  self-generation  thresholds,  conversion  efilclency,  and  the 
dependence  of  small-signal  amplification  on  pump  energy  and  gas  pressure  are  presented. 
Strong  dependence  of  the  amplification  on  the  self-phase  modulation  of  the  pump  and  seed- 
Stokes  pulses,  on  their  relative  time  of  arrival  at  the  Raman  amplifier,  and  on  the  seed- 
Stokes  pulse  asymmetry  has  been  observed.  The  experimental  measurements  are  compared 
with  theoretical  predictions  that  are  based  on  extensions  of  published  transient  theories  to 
take  into  account  the  spatial  and  temporal  profiles  of  the  pulses  as  well  as  their  phase 
modulation.  Excellent  agreement  with  the  theory,  especially  with  regard  to  the  scaling  of  the 
small-signal  amplification  with  pump-pulse  energy,  is  obtained  when  all  of  the  specific 
characteristics  of  the  pump  and  Stokes  pulses  are  Included  In  the  calculations. 


1.  INTRODUCTION 

Transient  stimulated  Raman  scattering  (SRS)  occurs  when  the  nonlinear  polarization 
In  the  medium  cannot  respond  completefy^  during  the  pump  pulse.  It  Is  generally  encountered 
in  stimulated  scattering  of  picosecond  pulses  in  gases  and  liquids  and  can  also  be  important 
for  longer  pulses  In  gases  under  certain  conditions.  Here  we  report  on  an  extensive  study  of 
transient  Raman  amplification  In  hydrogen  gas.  Our  emphasis  Is  on  the  properties  of  the 
amplified  Stokes  pulse  relative  to  those  of  the  Incident  Stokes  pulse,  in  contrast  to  most  of 
the  work  published  elsewhere.  To  help  In  understanding  the  general  properties  of  the  Stokes 
amplification  that  are  predicted  by  theory,  we  develop  a  number  of  approximate  analytic 
results  that  give  both  time-  and  space-resolved  and  time-  and  space-integrated  expressions 
for  the  amplified  Stokes  Intensity.  We  report  experimental  measurements  of  Stokes 
amplification  as  a  function  of  pump-pulse  energy,  gas  presstr-e,  and  relative  timing  between 
the  input  Stokes  and  pump  pulses.  Phase-pulling  effects  are  discussed  and  saturated-gain 
measurements  are  presented.  Our  results  are  compared  with  predictions  of  published  theory 
and  Indicate  where  the  theory  Is  applicable  and  where  a  more  complete  analysis  Is  required. 
We  also  demonstrate  that  the  amplification  is  sensitive  to  the  relative  timing  between  the 
Incident  Stokes  and  pump  pulses.  Gain  enhancements  between  200  and  800  are  observed  for 
optimally  timed  pulses  relative  to  that  obtained  with  coincident  pulses. 
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2.  TRANSIENT  RAMAN  THEORY 


Transient  Raman  scattering  of  plane  waves  in  the  absence  of  dispersion  but  with  the 
ac-Stark  shift  of  the  levels  Involved  In  the  Raman  transition  Included  Is  described  by  the 
equations 


3Ag(r,z,t)/8z  =  iK2AL(r.z.t)  Q*(r.z,t)  (la) 

dAjJ,T^,t]/dz  =  lK2(<0L/t0g)  Ag(r,z.t)  Q(r^.t)  (lb) 

aQ*(r.z.t)  /at 

+  l-l{<aQ  -((OL-t0s)-Ajl>4^|2  -  A2lA3|2}  +  n  Q*(r^.t)  =  -IKj  AlV^-O  A5(r^.t)  ( Ic) 


where  <2  =  (4itN(0s/n  3C)  da/dQ  .  =  (l/2(aQ)  da/dQ  .  cOq  Is  the  frequency  of  the  material 

excitation.  da/dQ  is  the  derivative  of  the  molecular  polarlzabUlty  with  respect  to  the  normal 
coordinate  of  the  active  mode,  N  is  the  number  density  of  the  molecules.  (05  is  the  Stokes 
frequency,  ng  is  the  refractive  Index  at  the  Stokes  frequency,  and  F  Is  the  Ilnewldth  of  the 
Raman  transition,  which  Is  equal  to  the  Inverse  of  the  dephasing  time  T2.  These  equations 
have  been  written  In  a  reduced  coordinate  system  that  moves  with  the  pulse.  The  position,  z, 
and  time,  t,  coordinates  are  related  to  the  laboratory  position  and  time  coordinates  by  z  s 
ziab-  t  =  flab  *  zig^j/c.  We  have  also  allowed  the  fields  to  depend  on  the  transverse 
coordinate  r  to  account  for  beam  profiles,  but  we  have  neglected  diffraction  of  transverse 
structure.  The  equations  are  therefore  valid  in  the  collimated  beam  approximation. 

The  field  amplitudes  In  Ekis.  (1)  are  defined  by  their  relations  to  the  total  electric  and 
phonon  fields  deftned  as 

The  variables  In  Eqs.  (1)  are  thus  the  amplitudes  of  the  real  fields. 
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where  and  1^21  Are  transition  dipole  moments  connecting  states  i  with  the  grotmd  state 

and  the  final  state  of  the  Raman  transition,  respectively. 

The  variable  Q  in  Eqs.  (1)  is  the  normal-mode  coordinate  of  excitation  of  a  single 
molecule  and  is  Independent  of  the  density  N.  This  choice  allows  a  direct  identification  with 
the  Raman  equations  as  derived  from  the  density  matrix,  which  allows  in  turn  a 
straightforward  introduction  of  the  Stark  shift  terms. 

Transient  scattering  is  Important  when  the  time  variation  of  the  pump  pulse  is 
comparable  to.  or  faster  than.  T2.  so  that  the  time  derivative  in  Eq.  (Ic)  caimot  be  neglected. 

Formal  solutions  for  the  Stokes  field  amplitude  and  the  material  excitation  have  been  given 
in  the  literature  xmder  the  assumption  of  low  pump  depletion,  no  initial  phonon  population, 
and  neglecting  the  ac-Stark  shift.  These  solutions  have  the  form: 

As(r.z,t)  =  Aslr.O.t)  +  (kiK2z)  1/2  AL(r.t) 

*  1. 00®  f^,*(r.tT  Aslr.O.t')  Ii[2  (kiK2Z  Wr.t)  -  t  (r.tll  }1/^1  I  T  (r.t)  -  t  (r.t)  l‘l/2  dt'  (2a) 

Q*(r.z.t)  =  - 1  K2  J.  ^  e  -IHt-t'll  AL*(r.tl  AsCr.O.f)  Io[2  {kiK2Z  [  t  (r.t)  -  x  (r.f)) )  1  /2]  dt'  (2b) 
where 

^{r.t)  =  J.^|AL(r.t’)  l^df  (3) 

is  proportional  to  the  integral  of  the  pump  intensity  up  to  time  t  and  I^fx)  Is  the  modified 
Bessel  function  of  the  first  kind  of  order  n. 

In  the  extreme  transient  regime  (t«T2)  the  general  properties  of  these  solutions  are 
that  the  gain  peaks  near  the  tall  of  the  pump  pulse,  it  is  Independent  of  the  linewldth  F.  and 
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the  maximum  gain  Is  less  than  the  steady  state  gain  for  a  pulse  with  the  same  peak  pump 

Intensity.  In  addition,  the  gain  depends  only  on  the  Integrated  pump  energy  and  not  on  the 

pump  Intensity.  Steady  state  behavior  Is  reached  after  a  time  tgg  =  GggT2,  where  Ggg  = 
o 

2  K^K2iA^I  z/r  Is  the  steady  state  gain  that  would  be  obtained  with  a  pump  pulse  of 
amplitude  if  it  lasted  long  enough.  For  most  situations,  which  Involve  Raman 
amplification  with  significant  gain,  we  can  expect  that  tgg  will  be  at  least  one  order  of 
magnitude  greater  than  T2  and,  for  the  very  high  intensities  that  are  normally  used  in  SRS 
with  picosecond  pulses.  It  can  easlty  exceed  T2  by  three  or  more  orders  of  magnitude. 

3.  EXPERIMENTAL  MEASUREMENTS 
A  Experimental  Apparatus 

We  have  made  measurements  of  transient  amplification  and  saturation  using  second- 
harmonic  radiation  from  a  Nd:YAG  mode-locked  laser  for  both  vibrational  and  rotational 
scattering.  A  schematic  of  the  experimental  apparatus  is  shown  in  Fig.  1. 


Figure  1.  Schematic  diagram  of  the  experimental  arrangement.  The  arrangement  shown 
was  used  for  the  transient  vlbratlonal-Stokes  gain  measurements  using  linearly 
polarized  light.  Additional  optics  were  added  for  producing  circularly  polarized 
light  for  use  with  rotational-Stokes  amplification  (see  text).  The  seed-Stokes 
beam  was  not  used  for  the  self-generation  measurements.  PD  Indicates 
photodiodes  used  for  pulse  inergy  measurements. 


A  single  40-psec  pulse  was  switched  out  from  the  oscillator  pulse  train  and  amplified,  first  in 
a  1/4  Inch  diameter  rod  and  then  in  a  3/8  inch  diameter  rod,  producing  output  pulses  at  1.06 
(im  with  energies  of  the  order  of  20  -  40  mJ.  The  beam  was  spatially  processed  between  the 
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two  amplifiers  to  provide  a  truncated  Aiiy  disc  at  the  second  amplifier  to  minimize 
distortions  due  to  self-focusing  in  the  amplifier  tod.  The  output  pulse  was  then  frequency 
doubled  in  a  two  inch  long  KDP  ciystal  with  a  convetsion  efficiency  approaching  50%,  gtvhi'^ 
10  -  20  mJ  of  radiation  at  532  nm  in  a  pulse  that  followed  the  temporal  profile  of  the 
fundamental. 

The  532  nm  laser  beam  was  then  divided  into  two  parts  with  a  beamsplitter  to  provide 
80%  of  the  pump  radiation  for  the  Raman  amplifier  and  20%  to  drive  a  single-pass  self¬ 
generator  that  provided  the  seed-Stokes  radiation.  The  seed-Stokes  generator  consisted  of  a 
100-cm-long  cell  filled  with  H2  gas  at  pressures  between  2  and  100  atm.  The  pump  radiation 

for  the  seed  Stokes  was  gently  focused  into  the  generator  to  minimize  production  of  second 
and  higher  order  Stokes.  The  seed  generator  was  operated  well  into  saturation  to  provide  a 
seed  pulse  that  was  as  close  to  the  pump  pulse  in  temporal  and  spatial  extent  as  possible.  The 
output  at  the  first  vibrational  Stokes  wavelength  was  separated  from  the  pump  by  a  color 
filter  and  was  then  spatially  filtered.  It  typically  had  about  5  pJ  of  energy  after  the  spatial 
filter.  Other  experiments,  which  were  done  using  the  rotational  Stokes  wavelength,  required 
two  narrow-band  interference  filters  in  place  of  the  single  color  filter  used  for  the 
vibrational  measurements. 

The  remaining  80%  of  the  pump  radiation  was  also  spatially  filtered  and  passed 
through  a  variable  delay  path  to  allow  adjustment  of  the  relative  timing  between  the  pump 
and  seed-Stokes  pulses  at  the  Raman  amplifier.  The  pump  and  seed-Stokes  beams  were 
combined  with  a  dlchroic  mirror  and  then  telescoped  to  beam  waist  sizes  (1/e  field  radius)  of 
(OQsO.Sl  and  0.48mm  for  the  Stokes  and  pump  beams,  respectively,  as  determined  by 

measurements  with  a  diode  array.  The  corresponding  confocal  parameters  of  b=340  cm  and 
270  cm  were  both  well  in  excess  of  the  100  cm  length  of  the  amplifier  cell  that  was  used  for 
these  experiments.  The  gain  of  the  amplifier  was  controlled  by  varying  the  pump  pulse 
energy  with  caUbrated,  nonwedged,  neutral-density  glass  filters  or  by  changing  the  gas 
pressure.  The  Raman  seed  generator  and  amplifier  cells  were  coimected  to  a  common  fill  line 
to  ensure  equal  pressures  in  both  cells  so  that  the  seed-Stokes  was  at  the  center  of  the  gain 
line  in  the  Raman  amplifier. 

Measurements  of  amplification  for  both  vibrational  emd  rotational  scattering  are 
reported  In  this  paper.  For  the  vibrational  measmements,  the  pump  radiation  and  the  seed- 
Stokes  light  were  Knearly  polarized  parallel  to  each  other  as  provided  by  the  laser.  For  the 
rotational  measurements,  the  seed-Stokes  and  pump  beams  were  circularly  polarized  with 
opposite  senses.  The  seed  Stokes  was  generated  with  a  circularly  polarized  primp  beam  and 
was  subsequently  converted  to  linear  polarization  orthogonal  to  the  pump  polarization.  The 
orthogonally-polarized  pump  and  seed-Stokes  beams  were  then  passed  through  the  same  X/4 


wave  plate  before  the  amplifier  to  produce  beams  with  opposite  circular  polarization  for  the 
Raman  Interaction.  The  optics  used  for  producing  the  circular  polarizations  are  not  shown 
In  Fig.  1  for  the  sake  of  simplicity. 

The  Input  and  transmitted  Stokes  and  pump  pulses  were  measured  with  fast 
photodiodes  for  determining  relative  pulse  eneigles.  Calibrated  energy  meters  were  used  for 
absolute  pulse  eneigy  measurements,  and  a  2-psec  resolution  streak  camera  was  used  for 
temporally  resolved  measurements.  Amplification  measurements  as  a  function  of  pump 
pulse  energy  were  obtained  automatically  with  a  microcomputer-based  data-acquisition 
system  using  the  photodiode  measurements  of  the  Input  and  output  Stokes  pulses  and  pump 
pulses.  The  photodiode  signals,  which  had  a  duration  of  1  nsec  due  to  the  Inherent 
characteristics  of  the  photodiodes,  were  linearly  amplified  and  stretched  In  time  to  have  a 
duration  of  2  psec.  The  stretched  pulses  were  registered  In  fast  sample-and-hold  units,  which 
were  then  read  through  an  analog-to-dlgltal  converter  unit  and  computer  processed.  The 
energy  meter  signals  also  had  to  be  amplified  but  could  be  read  by  relatively  slow  sample- 
and-hold  vinlts.  The  shot-to-shot  eneigy  variations  In  the  laser  allowed  us  to  measure  the 
amplification  over  a  small  range  of  pump  energies  while  the  neutral  density  filters  were  used 
to  provide  a  wide  range  of  pump  energies.  The  microcomputer-based  data  acquisition 
program  also  was  capable  of  restricting  the  pump  pulses  used  to  ones  within  an  arbitrary 
percentage  of  a  given  energy.  This  feature  was  useful  when  measuring  amplification  as  a 
function  of  pressure  at  constant  pump  eneigy. 

Temporal  profiles  of  the  seed-Stokes  and  pump  pulses  are  shown  In  Figs.  2(a)  and  2(b), 
respectively.  The  pump  pulse  typically  had  a  duration  [full-width  half-maximum  (FWHM))  of 
40  psec.  The  seed  Stokes  was  asymmetric  with  a  fall  time  that  matched  that  of  the  pump  and 
a  rise  time  that  was  two  to  three  times  faster.  The  seed  Stokes  was  generated  In  the  second 
half  of  the  pump  pulse,  as  expected  from  theoiy.  with  a  duration  (FWHM)  typically  of  the 
order  of  25  psec. 


Figure  2.  Temporal  profiles  of  the  seed-Stokes  beam  (a)  and  the  Input  pump  beam  (b).  The 
rise  time  of  the  seed  Stokes  is  two  to  three  times  faster  than  its  fall  time. 
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The  pump  pulse  exhibited  self-phase  modulation  due  to  the  nonlinear  Index  of  the 
Nd:YAG  amplifier  rods  when  the  laser  was  operated  at  the  Intensities  used  for  these 
experiments.  The  degree  of  self-phase  modulation  on  the  pump  and  seed  Stokes  was 
Investigated  both  spectroscopically,  using  a  1-m  spectrograph  and  an  optical  multlchaimel 
analyzer,  as  weU  as  Interferometrlcally.  using  a  temporally-resolved  Mach-2^hnder 
tnteiferometer.  Time-dependent  Interference  patterns  were  obtained  by  Imaging  the  vertical 
fringes  produced  by  the  Interferometer  across  the  horizontal  silt  of  a  2-psec  resolution  streak 
camera. 

Typical  time  dependent  fringe  patterns  obtained  from  Interferometer  measurements  of 
the  pump  beam  are  shown  In  Fig.  3.  The  straight-fringe  pattern  in  Fig.  3(a)  was  obtained  with 
equal  path  lengths  In  the  Interferometer  arms.  The  patterns  in  Figs.  3(b)  and  3(c)  were 
obtained  when  one  arm  of  the  interferometer  was  delayed  by  12  psec  and  24  psec, 
respectively.  The  curvature  of  the  fringes  indicates  that  the  temporal  variation  of  the  phase 
of  the  delayed  arm  does  not  match  that  of  the  reference  arm.  The  "s"  pattern  shown  in  Fig.  3(b) 
is  characteristic  of  that  caused  by  self-phase  modulation.  When  the  pulse  In  one  am:  is 
delayed  sufilclently  far  that  Its  peak  overlapsec  the  low  intensity  wing  of  the  other,  as  in  Fig. 
3(c).  the  maximum  fringe  shift  is  determined  by  approximately  twice  the  peak  self-phase 
modulation.  Measurements  of  the  type  shown  in  Fig.  3(c)  indicated  a  maximum  shift  of 
between  1  and  1.5  fringes,  corresponding  to  a  peak  self-phase-modulation  depth  between  it 
and  1.5  It  .  The  exact  degree  of  self-phase  modulation  varied  somewhat  from  shot-to-shot 
depending  on  the  actual  laser  Intensity. 

Similar  measurements  of  the  seed-Stokes  phase  structure  are  shown  in  Fig.  4.  The  arms 
of  the  Interferometer  were  equal  for  the  measurements  In  Fig.  4(a),  while  one  arm  was 
delayed  by  16  psec  for  the  measurements  In  Fig.  4(b).  Again  the  fringe  pattern  is  straight  for 
the  measurements  with  the  balanced  interferometer  but  shows  bending  when  the  path 
lengths  in  the  two  arms  are  different.  The  fringe  bending  of  the  Stokes  beam  is  much  less 
than  that  observed  with  the  pump  beam  because  the  seed  Stokes  is  generated  in  the  tail  of  the 
pump.  As  a  result.  It  carries  only  the  phase  excursion  characteristic  of  the  tail  of  the  pump, 
rather  than  the  larger  phase-excursion  characteristic  of  the  full  pump. 


Figured.  Interference  fringes  obtained  with  the  532  nm  pump  beam  using  the  time- 
resolved  Mach-2^hnder  Interferometer.  The  path  lengths  of  the  Interferometer 
arms  were  equal  In  (a),  and  the  reference  arm  was  delayed  t/y  12  psec  in  (b)  and  24 
psec  In  (c).  The  curvature  of  the  fringes  in  (b)  and  (c)  is  due  to  self-phase 


Figure  4.  Interference  fringes  obtained  with  the  seed-Stokes  beam  using  the  time-resolved 
Mach-Zehnder  interferometer.  The  path  lengths  of  the  Interferometer  arms  were 
equal  In  (a),  while  the  reference  arm  was  delayed  by  16  psec  In  (b).  The  curvature 
of  the  fringes  in  (b)  is  due  to  self-phase  modulation. 
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The  time-integrated  spectrum  of  the  pump  pulse,  shown  in  Fig.  5(a).  exhibits  a  double 
peaked  structure  that  Is  also  characteristic  of  self-phase-modulated  pulses.  The  depth  of  the 
trough  between  the  peaks  Is  consistent  with  a  peak  self-phase  modulation  between  n  and 
1.5  X.  In  agreement  with  the  time  dependent  Interferometer  data  of  Fig.  3.  The  time 
integrated  spectrum  of  the  seed-Stokes  pulse  Is  shown  in  Fig.  5(b).  The  spectrum  has  only  a 
single  peak  and  Is  offset  in  frequency  from  the  central  value  expected  from  the  center  laser 
frequency.  This  behavior  Is  consistent  with  the  smaller  peak  self-phase  modulation 
observed  in  the  Stokes  Interferometer  measurements  (Fig.  4(b))  together  with  the  fact  that  the 
seed  Stokes  Is  generated  in  the  tall  of  the  pump  where  the  self  phase  modulation  causes  an 
upshift  in  the  pump  frequency. 
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Figures.  Spectroscopic  profiles  of  the  pump  (a)  and  the  seed-Stokes  beams  (b).  showing  the 
self-phase-modulation  of  between  s  and  1.5x  carried  by  the  pump.  The  seed 
Stokes,  which  is  generated  In  the  teill  of  the  pump  pulse,  shows  a  smaller  phase 
modulation  and  a  spectral  offset  from  the  center  frequency  expected  In  the 
absence  of  self-phase  modulation. 

B.  Elxperimental  Results 

Measurements  of  the  amplification  for  both  the  vibrational  and  rotational  Stokes  were 
made  as  a  function  of  pump  energy,  showing  very  similar  behavior  in  the  two  cases.  Typical 
results  for  the  vlbratlonal-Stokes  amplification  are  shown  In  Fig.  6  for  three  different  ratios 
of  seed-Stokes  to  pump  energy.  At  a  given  seed-Stokes  energy,  the  amplification  rises  rapidly 


imtU  the  oi\set  of  pump  depletion,  alter  which  the  amplification  becomes  approxixnately 
Unear  with  pump  energy.  The  point  at  which  pump  depletion  occurs  changes  depending  on 
the  amount  of  amplification  the  incident  Stokes  Input  can  be  given  before  it  becomes  a 
significant  fraction  of  the  pump  energy.  This  effect  Is  seen  In  all  thi-ee  curves  in  Fig.  6. 
Saturation  effects  are  apparent  in  the  experimental  measurements  when  the  amplified 
Stokes  energy  is  larger  than  about  1.6%  of  the  input  pump  energy.  This  value  agrees  with 
numerical  calculations  that  showed  evidence  of  pump  depletion  when  the  amplified  Stokes 
energy  exceeded  1%  of  the  Initial  pump  energy. 
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Figure  6.  Dependence  of  the  vlbratlonal-Stokes  amplification  on  pump  pulse  energy  at  a 
H2  pressure  of  30  atmospheres  for  ratios  of  the  seed-Stokes  energy  to  pump 

energy  of  10^  ^0:1  (a);  10'®:  1  (b),  and  10"®:  1  (c). 


1.  Pump-Depletion  Measurements 

The  highest  stable  small-signal  amplification  measured  In  our  experiment,  obtained 
with  a  seed-Stokes-to-pump-energy  ratio  of  lO’®.  was  e^®  [2  x  10®).  Self-generation  occurred 
when  the  pump  energy  was  Increased  by  about  20%  over  that  required  to  give  the  gain  of  e^®. 
Indicating  a  self-generation  energy-amplification  threshold  of  approximately  e^®,  or  10^®. 

Both  conversion  efilclency  and  temporal  pulse  shapes  were  studied  in  the  high  pirmp 
depletion  regime.  The  highest  consistent  energy-conversion  efficiency  measured  was  58% 
and  occurred  when  the  input  seed-Stokes  pulse  had  an  energy  that  was  approximately  1%  of 
the  input  pump  pulse  energy.  This  value  corresponds  to  a  75%  photon  conversion  efficiency. 
The  temporal  shapes  of  the  amplified  Stokes  and  the  depleted  pump  pulses  were  measured 
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with  the  2  psec  resolution  streak  camera.  A  typical  measured  temporal  distribution  for  a 
depleted  pump  pulse  Is  shown  In  Fig.  7(b).  The  H2  pressure  for  this  Interaction  was  20  atm, 

and  the  ratio  of  the  Input  pump  to  seed-Stokes  energy  was  200  to  1.  The  depleted  pump  pulse 
shows  a  series  of  decreasing  oscillations.  Similar  oscillations  have  been  discussed 
theoretically  and  have  previously  been  observed  using  nanosecond-duration  pulses.  No 
oscillations,  however,  have  previous^  been  reported  In  the  highly  transient  limit. 


Tlm« 

Figure  7.  Theoretical  (a)  and  experimental  (b)  temporal  pulse  shapes  of  the  depleted  pump. 

A  theoretical  distribution  of  a  depleted  pump  pulse  is  shown  In  Fig.  7(a).  The  theoretical 
calculation  Included  ac-Stark-shiil  effects  due  to  the  high  electric  fields  present  In  the 
medium  and  was  performed  by  numerically  integrating  Eqs.  (1)  directly.  The  calculation  was 
performed  with  a  level  of  depletion  sufficient  to  give  three  peaks  in  the  depleted  pump  pulse. 
At  this  level  of  depletion  the  agreement  between  the  experimental  and  theoretical 
distributions  is  quite  good. 

The  oscillations  on  the  depleted  pump  pulse  can  be  understood  by  considering  the 
energy  flow  between  the  Stokes,  pump,  and  phonon  fields  as  described  by  Eq.  (1).  As  the 
Stokes  and  phonon  fields  grow  large,  the  pump  field  is  driven  toward  zero.  Smce  the  phonon 
responds  slowty  during  the  pulse,  the  pump  phase  eventually  reverses  sign,  resulting  m  a 
flow  of  energy  back  into  the  pump.  More  oscillations  follow  if  the  depletion  level  is  large 
enough. 

The  ac-Stark  effect  has  to  be  Included  in  the  theoretical  calculation  to  obtain  good 
agreement  between  calculated  curves  and  experimental  data  at  the  oscillatlng-pump- 
amplitude  minima.  Without  the  ac-Stark  effect  the  calculated  depleted  pump  amplitude  is 


driven  complete^  to  zero  between  peaks.  Experimentally  the  pump  amplitude  always  stays 
above  zero.  Indicating  that  the  ac-Stark  effect  Is  Important  In  this  highly  depleted  pump 
regime. 

2.  Small-Signal  Gain  Measurements 

We  have  measured  the  Stokes  amplification  In  the  small-signal  regime  as  functions  of 
the  gas  pressvue.  the  relative  timing  between  the  seed-Stokes  and  pump  pulses,  and  the  pump 
energy. 

a.  Pressure  dependence.  The  dependence  of  the  vlbratlonal-Stokes  amplification  on 
the  H2  pressure  over  the  range  of  7-100  atm  is  shown  in  Fig.  8  for  three  different  values  of  the 

pump  energy.  The  highest  pump  energy  density  was  of  the  order  of  400  mJ/cm^  (curve  a),  and 
decreased  from  curve  (a)  to  curve  (c)  In  the  ratios  of  1:0.59:0.37.  Similar  measurements  for 
the  rotatlonal-Stokes  amplification  are  shown  in  Fig.  9.  In  both  cases  the  variation  of  the 
Stokes  amplification  with  pressure  is  very  similar  to  the  variation  of  the  small-signal 
Stokes  amplification  with  pump  energy  that  will  be  discussed  in  Sec.  3B2d.  This  similarity 
indicates  that  the  amplification  scales  as  the  product  of  density  and  pump  energy,  as  expected 
from  theory. 


Figure  8.  The  dependence  of  the  vlbratlonal-Stokes  amplification  on  the  pressure  of  H2 
for  prrmp  energies  of  400  rtkJ/cm^  (a).  237  mJ/cm^  (b)  and  148  nvJ/cm^  (c). 


Figure  9.  The  dependence  of  the  rotatlonal-Stokes  amplification  on  the  pressure  of  H2  for 
two  different  pump  energies. 

The  Increase  of  the  small-signal  amplification  with  pressure  in  the  range  greater  than 
10  atm  can  be  contrasted  with  the  behavior  expected  for  the  gain  in  the  steady  state.  Under 
steacfy  state  conditions  the  gain  becomes  Independent  of  pressure  above  about  10  atm  because 
pressure  broadening  of  the  Raman  line  offsets  Increases  due  to  higher  density.  In  the  present 
situation  the  fact  that  the  gain  continues  to  Increase  as  a  fimctlon  of  pressure  above  10  atm 
reflects  the  transient  nature  of  the  Interaction  In  which  the  gain  retains  a  dependence  on 
density,  but  not  on  llnewldth. 

b.  Phase  nulling.  The  phase  modulation  exhibited  by  the  amplified  Stokes  pulse  was 
mvestlgated  both  spectrally  and  Interferometrlcally  and  shows  that  the  phase  of  the 
amplified  Stokes  Is  pulled  Into  correlation  with  that  of  the  pump  pulse.  For  these 
measurements  the  same  temporally-resolved  Mach-Zehnder  Interferometer  described  In  Sec. 
3A  was  used  at  the  Stokes  wavelength.  The  signal  arm  of  the  Interferometer  passed  through 
the  Raman  amplifier,  while  the  reference  arm  passed  outside  it.  Measurements  of  the  time- 
dependent  fringe  pattern,  shown  in  Fig.  10.  were  made  with  and  without  the  amplifier 
pumped,  with  equal  and  unequal  path  lengths  in  the  interferometer  arms,  and  with  various 
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relative  timings  between  the  pump  and  seed-Stokes  pulses.  The  relative  path  delay  of  the 
interferometer  was  varied  In  discrete  steps  by  placing  uncoated  quartz  flats  In  one  or  the 
other  of  its  two  arms. 

When  the  path  lengths  In  the  two  interferometer  arms  were  equal  and  the  Raman 
amplifier  was  unpumped,  the  fringe  pattern  was  straight  (Fig.  10(a))  as  would  be  expected.  The 
pattern  shown  in  Fig.  10(b)  was  obtained  when  the  interferometer  arms  had  equal  path 
lengths,  the  amplifier  was  pumped,  and  the  seed  Stokes  was  advanced  relative  to  the  pump  by 
approximately  25  psec.  This  timing  corresponded  to  the  condition  for  optimal  conversion  as 
will  be  discussed  in  the  next  section.  In  this  situation  the  reference  Stokes,  which  carries  the 
phase  signature  of  the  tail  of  the  pump  where  it  was  created,  interferes  with  that  part  of  the 
signal  Stokes  that  is  amplified  by  the  leading  edge  of  the  pump.  The  curvature  of  the  fringes 
indicates  that  the  temporal  variation  of  the  phase  of  the  amplified  Stokes  pulse  does  not 
match  that  of  the  reference  Stokes,  even  though  the  optical  path  delay  in  the  two 
interferometer  arms  is  equal.  The  fringe  pattern  shown  in  Fig.  10(c)  was  obtained  when  the 
Stokes  reference  arm  was  delayed  by  26  psec  to  match  the  relative  delay  of  the  pump  and 
when  the  Raman  amplifier  was  pumped.  In  this  situation  the  Stokes  reference  interferes 
with  the  part  of  the  signal  Stokes  that  is  amplified  by  the  trailing  edge  of  the  pump.  The 
straight  firinges  observed  under  this  condition  indicate  that  the  phase  of  the  Stokes  pulse  that 
is  amplified  by  the  trailing  edge  of  the  pump  is  correlated  with  the  phase  of  the  Stokes  pulse 
that  was  created  in  the  trailing  edge  of  the  pump.  This  result  can  be  contrasted  with  that 
shown  in  Fig.  4(b)  in  which  the  Stokes  fringes  showed  curvature  when  the  interferometer 
arms  were  unbalanced  but  the  Raman  amplifier  was  unpumped.  The  straight  filnges  obtained 
when  the  Raman  amplifier  is  pumped  Indicate  that  the  Stokes  phase  has  been  pulled  into 
correlation  with  the  pump. 

This  conclusion  was  verified  with  measurements  taken  with  the  interferometer  arms 
balanced,  but  with  the  seed-Stokes  pulse  delayed  relative  to  the  original  timing  by  about  30 
psec.  In  this  situation  the  signal  Stokes  is  amplified  by  the  trailing  edge  of  the  pump,  the 
same  region  of  the  pump  in  which  the  seed  Stokes  was  created.  Again  straight  fringes  were 
observed  (Fig.  10(d)),  indicating  that  the  signal  Stokes  remains  correlated  with  the  reference 
Stokes,  and  that,  therefore,  there  is  no  phase  pulling  when  the  seed  Stokes  is  amplified  by  the 
part  of  the  pump  in  which  It  was  created. 
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Flgi^re  10.  Time  dependent  Interference  patterns  of  the  amplified  and  reference  Stokes 
beams  under  various  conditions;  (a),  balanced  interferometer  arms,  unpumped 
amplifier;  (b),  balanced  interferometer  arms,  pumped  amplifier,  seed-Stokes 
pulse  advanced  by  25  psec  relative  to  the  pump;  (c),  Stokes  reference  arm  delayed 
by  26  psec,  amplifier  pvimped,  seed-Stokes  pulse  advanced  by  25  psec  relative  to 
the  pump;  and  (d).  balanced  Interferometer  arms,  amplifier  pumped.  seed-Stokes 
pulse  delayed  by  5  psec  relative  to  the  pump. 

The  conclusion  that  the  Stokes  phase  is  puUed  Into  correlation  with  the  pump  was 
further  confirmed  1^  comparison  of  the  pump  and  ampllfied-Stokes  spectra  as  shown  in  Fig. 
11.  Although  the  spectrum  of  the  seed  Stokes  showed  a  single-peaked  distribution  offset  from 
the  expected  central  frequency  (Fig.  5(b)),  the  spectrum  of  the  amplified  Stokes  (Fig.  11(b)) 
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shows  a  double  peaked  structure  similar  to  that  seen  In  the  spectrum  of  the  pump  radiation 
(Fig.  11(a)).  The  depth  of  modulation  of  the  ampUfled-Stokes  spectrum  Is  consistent  with  a 
peak  self-phase  modulation  of  the  order  of  it.  the  same  value  obtained  for  the  peak  phase 
modulation  of  the  pump  pulse. 


Incraating  W*v«(«ngth 

Figure  11.  Spectral  profiles  of  the  amplified  and  seed-Stokes  pulses.  The  profile  of  the 
amplified  Stokes  matches  that  of  the  pump  (Fig.  S(a))  while  that  of  the  seed  Stokes 
does  not.  Indicating  that  the  amplified  Stokes  Is  pulled  Into  correlation  with  the 
pump. 


The  degree  of  phase  pulling  experienced  by  the  Stokes  pulse  at  Its  optimal  timing 
advance  of  25  psec  was  also  examined  as  a  function  of  the  total  gain  of  the  amplifier.  These 
measurements  showed  that  the  phase  pulling  was  complete  for  amplifications  above  about 
ten. 


c.  Piilsft  tinUTig  We  have  measured  the  effect  on  the  amplification  of  the  relative  timing 
between  the  seed-Stokes  pulse  and  the  pump  pulse.  A  schematic  of  the  Interaction  is  shown 
in  Fig.  12.  The  time  difference  between  the  peak  of  the  pump  pulse  and  the  peak  of  the  Stokes 
Is  defined  as  A,  with  A  positive  when  the  seed-Stokes  pulse  arrives  earlier  than  the  pump.  The 
experimentally  observed  variation  of  the  vlbratlonal-Stokes  amplification  with  pump 
energy  for  different  values  of  A  is  shown  in  Fig.  13. 
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Figure  12.  Schematic  diagram  of  the  relative  timing  of  the  seed-Stokes  and  pump  pulses. 

The  quantity  A  represents  the  time  Interval  between  the  arrivals  of  the  peaks  of 
the  seed-Stokes  and  pump  pulses  at  the  input  plane  of  the  amplifier  cell. 
Positive  A  corresponds  to  cases  in  which  the  seed-Stokes  pulse  leads  the  pump 
pulse  In  time. 


Generally  speaking,  the  gain  shows  the  same  type  of  behavior  as  a  fmictlon  of  pump  energy  at 
different  values  of  A.  As  A  Is  varied,  however,  the  magnitude  of  the  gain  .it  a  given  pulse 
energy  changes.  In  addition,  the  slope  flattens  as  A  is  decreased,  an  effect  that  Is  related  to 
the  phase-pulling  discussed  in  Sec.  3B2b.  These  measurements  show  that  there  is  an  optimal 
tlmlrrg  of  the  seed-Stokes  pulse  relative  to  the  pump  pulse  for  providing  maximum  gain.  This 
behavior  is  shown  graphically  in  Fig.  14,  where  the  dependence  of  the  vlbratlonal-Stokes 
amplification  on  pulse  timing  at  constant  pump  energy  Is  displayed.  The  ampUflcatlon 
peaks  when  the  seed-Stokes  pulse  Is  advanced  by  about  20  psec  relative  to  the  peak  of  the 
pump  pulse,  with  a  gradual  falloff  for  larger  advemces  and  a  steeper  falloff  as  the  advance  Is 
decreased.  At  the  optimal  timing  advance  the  Stokes  amplification  was  about  400  times 
greater  than  It  was  when  the  seed-Stokes  and  pump  pulses  arrived  together. 
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Figure  13.  The  variation  of  the  Stokes  amplification  with  pump  energy  for  different 
relative  timings,  where  the  time  difference  between  the  peak  of  the  pump  pulse 
and  the  peak  of  the  Stokes  is  defined  as  A.  A  is  positive  when  the  seed-Stokes 
pulse  arrives  earlier  than  the  pump.  Curve  (a)  shows  the  case  where  the  pump  and 
seed  Stokes  are  essentially  overlapped  and  reflects  relatively  little  phase  pulling. 
Curve  (b)  shows  the  peak  gain  obtained  at  optimum  timing  when  As20  psec.  Cmve 


-20  0  20  40  60  80  100 

Pump  Pulse  Delay  (psec) 

Figure  14.  The  experimentally  observed  varlaUon  of  the  small-signal  vibratlonal-Stokes 
amplification  for  different  values  of  pump  pulse  delay.  The  maximum 
amplification  was  about  5x10^. 
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similar  behavior  was  observed  In  the  rotatlonal-Stokes  amplification  as  shown  In  Fig. 
15.  Again  the  optimal  time  of  arrival  for  the  seed-Stokes  pulse  Is  about  20  psec  before  the 
peak  of  the  pump.  The  observed  enhancement  of  the  amplification  at  optimal  timing  relative 
to  that  at  coincident  timing  was  of  the  order  of  800.  In  addition  the  variation  of  the 
amplification  shows  a  plateau  for  timing  advances  greater  than  the  optimal. 
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Figure  15.  The  experimentally  observed  variation  of  the  small-signal  rotatlonal-Stokes 
amplification  as  a  function  of  pump  pulse  delay.  The  maximum  amplification 
was  about  5x10^. 

The  dependence  of  the  amplification  on  the  relative  timing  of  the  seed-Stokes  pulse  and 
the  pump  pulse  can  be  understood  by  considering  the  origin  of  the  reduced  gain  In  the 
transient  regime.  The  spatial  rate  of  growth  of  the  Stokes  pulse  (Eq.  1(a)]  depends  on  the 
Instantaneous  product  of  the  pump  and  the  phonon  amplitudes,  while  the  phonon  amplitude 
depends  upon  the  Integral  of  the  product  of  the  Stokes  and  pump  fields  [Ek}.  l(c)|.  The  phonon 
amplitude  thus  builds  up  slowly  during  the  pump  pulse,  peaking  towards  the  rear,  and  the 
Stokes  amplitude  growth  rate  Is  reduced  relative  to  the  steady  state  because  the  pump 
amplitude  Is  high  when  the  phonon  amplitude  is  low  and  vice  versa.  When  the  Stokes  pulse  Is 
brought  In  ahead  of  the  peak  of  the  pump,  the  phonons  can  start  building  up  sooner,  resulting 
In  a  larger  phonon  amplitude  near  the  peak  of  the  pump  pulse  and  consequently  a  larger 
overall  gain. 
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We  would  expect  that  the  Increase  In  gain  should  be  dependent  on  the  temporal  profile 
and  duration  of  the  Stokes  pulse  relative  to  the  pump  pulse.  A  relatively  large  Increase  would 
be  expected  If  the  Stokes  pulse  has  a  relatively  sharp  peak,  encouraging  rapid  growth  of  the 
phonons  when  the  Stokes  pulse  Is  properly  advanced,  and  a  sufficiently  strong  trailing  tall 
to  provide  energy  to  be  amplified  near  the  peak  of  the  pump  pulse.  Such  a  situation  could 
occur  If  the  Stokes  pulse  Is  Sorter  than  the  pump  or  If  It  Is  asymmetric,  with  a  fast  rise  and  a 
slower  fall  as  existed  In  our  experiments.  In  contrast.  If  both  the  Stokes  and  pump  pulses 
have  square  temporal  profiles  the  gain  would  be  expected  to  be  maximized  when  the  pulses 
were  coincident. 

We  have  examined  these  effects  theoretically  byusing  numerical  evaluations  of  the 
integral  In  Eq.  2(a)  for  the  Stokes-fleld  amplitude  and  integrals  over  spatial  and  temporal 
profiles  to  allow  comparison  with  our  measurements.  We  used  both  Gaussian  and  hyperbolic- 
secant  temporal  pulse  shapes  for  the  pump  and  seed  Stokes.  We  also  considered  symmetric 
and  asymmetric  pulses  for  the  seed  Stokes,  seed-Stokes  pulse  durations  that  were  equal  to 
and  shorter  than  the  pump  pulse  duration,  and  various  levels  of  peak  self-phase  modulation. 
An  example  of  the  theoretical  prediction  of  time-  and  space-integrated  amplification  as  a 
function  of  Stokes  advance  A  for  a  hyperbolic-secant  temporal  pulse  without  self-phase 
modulation  Is  shown  in  Fig.  16.  The  asymmetries  chosen  for  these  calculations, 
corresponding  to  rise  times  that  are  two  and  three  times  faster  than  the  fall  time,  are 
approximately  characteristic  of  the  pulses  used  In  the  experiments.  Calculations  for  a 
symmetric  pulse  are  shown  for  comparison. 

The  qualitative  trends  Just  described  are  evident  In  the  calculated  results.  The 
amplification  is  a  maximum  when  the  peak  of  the  Stokes  pulse  arrives  ediead  of  the  peak  of 
the  pump  by  about  0.5  — 1 -pulse  durations.  The  amplification  falls  off  relatively  rapidly  for 
smaller  advances  and  more  slowly  for  larger  advances  in  agreement  with  the  experimental 
observations.  The  enhancement  of  the  amplification  at  the  optimal  timing  relative  to  that 
obtained  when  the  peaks  of  the  pulses  were  coincident  depends  on  the  degree  of  asymmetry, 
increasing  as  the  seed-Stokes  pulse  becomes  more  asymmetric.  The  optimal  timing  Is  only 
weakly  dependent  on  the  seed-Stokes  pulse  shape.  The  value  of  the  amplification  at  the 
optimal  timing  is  relatively  Insensitive  to  the  seed-Stokes  asymmetry,  but  the  amplification 
at  coincident  timing  depends  strongly  on  the  Stokes  pulse  shape. 
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Figure  16.  Theoretical  dependence  of  the  time-  and  space-integrated  amplification  on  the 
Stokes-pulse  advance  for  various  ratios  of  the  rise  to  fall  time  of  the  seed-Stokes 
pulse  assuming  a  hyperbolic-secant  amplitude  distribution  for  the  pump  and 
Stokes  pulses  and  no  self-phase  modulation. 


Results  of  a  similar  calculation  using  an  asymmetric  pulse  with  a  rlse-to-fall-tlme 
ratio  of  1:3  and  a  peak  self-phase  modulation  of  «  are  shown  in  Fig.  17.  The  variation  of 
amplification  now  exhibits  a  shoulder  for  timing  advances  greater  than  the  optimal  value 
similar  to  that  seen  In  the  experimental  measurements  of  Figs.  15  and  16. 
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Figure  17.  Theoretical  dependence  of  the  time-  and  space-integrated  amplification  on  the 
Stokes-pulse  advance  for  a  rise  to  fall  time  ratio  of  1:3,  assuming  a  hyperbolic- 
secant  amplitude  distribution  for  the  pump  and  Stokes  pulses  and  a  peak  self¬ 
phase  modulation  of  n.  The  phase  modulation  introduces  a  shoulder  at  large- 
pulse  advances. 
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Additional  calculations  were  done  with  pulses  with  Gaussian  temporal  profiles  and 
with  symmetric  seed-Stokes  pulses  that  were  shorter  than  the  pump.  In  each  of  these 
situations  the  amplification  peaked  when  the  Stokes  pulse  arrived  before  the  pump.  Our 
explematlon,  then,  accounts  for  the  qualitative  features  of  our  experimental  observations. 
Comparison  of  theoretical  results  for  various  pulse  shapes  and  assnnmetrles  indicates  that 
the  detailed  dependence  of  the  amplification  on  the  Stokes  pulse  advance  and  the  numerical 
value  of  the  enhancement  at  the  optimal  timing  depends  on  the  details  of  the  pulse  shape  and 
degree  of  phase  modulation,  especially  in  the  low  intensity  rising  edge.  In  addition,  the  rapid 
variation  of  the  amplification  near  zero  timing  advance  for  the  asymmetric  pulses  can  cause 
very  large  changes  in  the  apparent  gain  enhancement  for  very  small  changes  in  the 
identification  of  the  coincident  timing.  The  experimentally  observed  gain  enhancement 
could  therefore  be  affected  by  our  ability  to  identify  accurately  the  coincident  timing. 

d.  Dependence  on  pumn  energy.  The  small-signal  amplification  was  measured 
extensively  as  a  function  of  pump  eneigy.  A  typical  result  for  the  vibrational  Stokes  is  shown 
in  Fig.  18.  In  obtaining  these  data  care  was  exercised  to  ensure  that  the  pump  depletion  was 
always  below  1%  so  that  the  measured  amplification  would  be  in  its  small-signal  limit.  The 
data  are  presented  on  a  graph  that  displays  the  log  of  the  log  of  the  amplification  as  a 
function  of  the  log  of  the  pump  energy.  Exponential  variation  of  the  amplification  with 
pump  energy  would  appear  as  a  straight  line,  with  the  slope  indicating  the  power  law 
dependence  of  the  exponent  on  the  pump  energy,  while  nonexponential  behavior  would  be 
indicated  by  a  curved  line.  When  viewed  over  the  five  orders  of  magnitude  that  are  displayed 
in  Fig.  18,  the  amplification  has  a  nonexponential  dependence  on  the  pump  eneigy  as 
discussed  in  Sec.  2.  However,  when  viewed  over  restricted  gain  ranges,  the  amplification 
shown  in  Fig.  18  could  be  interpreted  as  having  an  exponential  variation  with  pump  energy 
with  a  power  law  dependence  for  the  exponent  between  0.7  and  1.5,  depending  on  the  level  of 
amplification. 
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Figure  18.  Experimental  dependence  of  the  vlbratlonal-Stokes  amplification  on  pump 
energy  (points).  Curve  (b)  was  obtained  by  munerical  evaluation  of  the  integral  In 
Eq.  (2a).  Integrated  over  space  and  time,  using  seed-Stokes  parameters 
appropriate  to  our  experiment  including  pulse  asymmetry,  timing  advance  and 
self-phase  modulation.  Curve  (a)  was  obtained  with  a  similar  calculation 
neglecting  self-phase  modulation. 


We  have  compared  the  measured  small-signal  amplification  vidth  the  predictions  of  the 
published  theories.  In  making  these  comparisons  between  theory  and  experiment  we  have 
determined  that  all  of  the  details  associated  with  our  measurements,  such  as  seed-Stokes 
pulse  asymmetry,  timing  advance,  and  degree  of  phase  modulation,  must  be  Included  in  the 
theory.  As  a  result  the  simplifying  assumptions  that  lead  to  the  analytic  expression  as 
discussed  In  Sec.  2  cannot  be  used.  Rather,  a  full  numerical  evaluation  of  the  Integral  in  Eq. 
2(a).  using  all  of  the  appropriate  seed-Stokes  parameters,  is  necessary  to  explain  our 
measurements. 

Two  theoretical  ctuves  are  shown  in  Fig.  18.  Each  curve  was  obtained  by  Integrating  the 
calculated  intensity  amplification  over  space  and  time  by  using  a  hyperbolic-secant  seed- 
Stokes  pulse  with  a  rlse-to-fall-tlme  asymmetry  of  1:3.  a  Gaussian  spatial  distribution,  and 
a  timing  advance  of  0.85  pulse  durations.  Curve  (a)  was  ctdculated  without  self-phase 
modulation,  while  curve  (b)  included  self-phase  modulation  with  a  depth  of  x.  In  comparing 
the  theoretical  curves  with  the  experimental  data,  adjustment  was  made  along  the  horizontal 


23 


axis  to  obtain  the  best  fit.  This  action  compensates  for  systematic  inaccuracies  in  absolute 
measurements  of  energy,  beam  size,  and  pulse  duration.  Because  the  vertical  axis  represents 
the  ratio  of  two  measured  or  calculated  quantities,  no  adjustment  was  allowed  along  this 
direction.  The  calculation  that  Included  self-phase  modulation  (curve  b)  accounts  for  the 
observed  scaling  of  amplification  with  pump  energy  veiy  well.  The  calculation  done  without 
self-phase  modulation,  on  the  other  hand,  exhibits  very  poor  agreement  except  at  the  very 
high  end  of  the  meeisurements. 

The  difference  between  the  two  theoretical  curves  Is  caused  by  the  phase  pulling, 
discussed  In  Sec.  3B2b,  and  occurs  because  of  the  combination  of  the  self-phase  modulation 
present  on  our  pulses  and  the  Stokes  pulse  advance  necessary  for  optimal  amplification. 
When  the  seed-Stokes  pulse  enters  the  amplifier  It  is  not  correlated  with  the  pump  since  it  is 
advanced  with  respect  to  the  pump,  and  until  it  becomes  correlated  Its  gain  Is  reduced.  As  a 
result  the  effective  length  of  the  amplifier  over  which  full  gain  is  experienced  is  reduced.  At 
relatively  low  gains  this  can  represent  a  significant  fraction  of  the  physical  length  of  the 
amplifier.  As  the  pump  eneigy  is  increased  the  phase  pulling  is  accomplished  sooner,  causing 
the  amplification  to  Increase  because  of  both  the  Increased  pump  eneigy  and  the  larger 
effective  amplifier  length.  The  amplification  that  occurs  with  the  self-phase-modulated 
pulse  therefore  increases  faster  with  the  pump  energy  than  does  the  amplification  of  the 
pulse  without  phase  modulation  in  the  low  gain  region.  At  high  gains  only  a  small  distance  is 
required  for  phase  pulling  to  correlate  the  pump  and  Stokes  pulses,  and  the  two  theoretical 
curves  eventually  approach  each  other. 

An  example  of  the  agreement  between  the  theoretical  and  experimental  scaling  of 
amplification  with  pump  energy  for  rotational  scattering  is  shown  in  Fig.  19.  Again  all  of  the 
det2illed  parameters  of  the  seed-Stokes  and  pump  pulses.  Including  the  self-phase 
modulation,  had  to  be  included  for  the  theory  to  agree  with  the  erqieriment.  When  these 
parameters  were  included  in  the  theory  the  agreement  was  again  quite  good. 
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Figure  19.  Experimental  dependence  of  the  rotatlonal-Stokes  amplification  on  pump 
energy  (points).  Curve  (a)  was  obtained  by  numerical  evaluation  of  the  Integral  in 
Eq.  (2a),  Integrated  over  space  and  time  using  seed-Stokes  parameters 
appropriate  to  our  experiment  including  pulse  asymmetry,  timing  advance  and 
self-phase  modulation. 

4.  DISCUSSION  AND  SUMMARY-  OF  TRANSIENT  GAIN 

We  have  presented  measurements  of  transient  Raman  amplification  for  both 
vibrational  and  rotational  shifts  in  H2  gas  In  a  range  from  small-signal  gain  to  pump 

depletion.  Tlie  small-signal  gain  has  been  measured  as  a  function  of  pump  energy  and 
pressure,  and  the  results  are  In  substantial  agreement  with  the  transient  theory  when  the 
relative  timing  of  the  pump  and  seed-Stokes  pulses,  the  pulse  shapes  and  asymmetries,  the 
variations  in  the  phase  of  the  pump  and  seed-Stokes  pulses,  and  integration  over  the  spatial 
and  temporal  profiles  of  the  pulses  are  Included  in  the  theory.  In  addition,  a  number  of 
analytic  expressions  for  the  transient  amplification  of  the  Stokes  Intensity,  energy,  power, 
and  energy  density  have  been  developed  under  certain  restrictions,  and  approximate 
expressions  for  the  moderate-  to  hlgh-galn  limits  of  those  solutions  have  been  presented. 
Phase  pulling  has  been  observed  to  occur  in  the  amplified  Stokes  pulses  to  persist  down  to 
very  low  levels  of  amplification.  Stable  gains  of  e^9  together  with  pump-depletion  levels  of 
75%  have  been  observed.  Multiple  oscillations  have  been  observed  on  strongly  depleted  pump 
pulses,  again  in  substantial  agreement  with  theory.  A  strong  dependence  of  the  amplification 
on  the  relative  timing  of  the  pump  and  seed-Stokes  pulses  was  reported  for  the  first  time. 
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This  dependence  has  its  roots  in  the  transient  buildup  of  the  phonon  population  and  Is 
strong^  dependent  on  the  Stokes  pulse  shape,  asymmetry,  and  duration  relative  to  the  pump 
pulse.  Again  results  are  In  reasonable  agreement  with  theoretical  predictions,  with  exact 
agreement  requiring  Inclusion  of  the  detailed  temporal  and  spatial  profiles  of  the  seed- 
Stokes  and  pump  pulses,  especially  In  the  low-intensity  rising  edges. 

The  experimental  and  theoretical  results  indicate  that  the  amplification  does  not 
follow  a  simple  exponential  dependence  on  the  pump  energy  or  gas  pressure.  However,  over 

restricted  ranges  the  amplification  can  be  approximated  by  an  exponential  variation  with  a 
transient  gain  parameter  u^  proportional  to  the  quantity  (EN)^.  where  E  Is  the  pump  energy, 

N  the  number  density  of  the  gas  and  n  depends  on  the  gain.  For  the  measurements  presented 
here,  which  covered  amplifications  fiom  about  e^  to  e^^,  n  varied  between  1.5  and  0.7. 
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Quantum  fluctuations  in  transient  Raman  ampliflcation 


ABSTRACT 

We  have  investigated  the  pulse  energy  statistics  in  a  transient  stimulated  Raman 
amplification  experiment.  Elxperlments  were  also  performed  using  a  self-generator,  both  in 
the  chaotic  linear  regime  and  In  the  stabilized  nonlinear  regime.  For  an  Input  seed-Stokes 
beam  to  control  a  transient,  high  gain  Raman  amplifier,  operated  near  threshold.  It  must 
dominate  the  competing  self-generated  Raman  which  builds  from  quantum  noise.  Amplifier 
measurements  have  been  made  at  a  relative  timing  between  the  input  seed-Stokes  pulse  and 
the  pump,  corresponding  to  that  for  optimal  amplification  where  the  seed  Stokes  precedes 
the  piunp.  The  measurements  show  the  enhancement  of  the  Stokes  photons  originating' from 
noise  due  to  the  presence  of  the  phonon  field  of  the  Input  seed  Stokes.  We  have  also  measured 
the  number  of  Input  seed-Stokes  photons  needed  to  produce  a  predominantly  stabilized 
signature  on  the  energy  statistics  of  the  amplified  Stokes  pulse.  In  addition,  a  near-field 
camera  was  used  to  record  the  spatial  profiles  of  both  the  self-generated  and  the  amplified 
Raman  pulses.  Three  different  Fresnel  number  (F#)  systems  have  been  Investigated:  (1)  both 
the  pump  and  the  seed  Stokes  having  F#0.8:  (2)  a  pump  pulse  with  F#1  and  a  seed-Stokes 
with  F#2;  and  (3)  a  pump  pulse  with  F#5and  a  seed-Stokes  with  F#10.  The  spatial  mode  of 
the  larger  Fresnel  number  system  was  found  to  heve  a  sharp  threshold,  with  Input  Stokes 
energy.  In  switching  from  the  random  Intensity  patterns  of  the  self-generated  Stokes 
outputs,  to  the  well-defined,  uniform  output  more  characteristic  of  a  unity  Fresnel  number 
system.  Also,  the  level  of  the  Input  seed-Stokes  pulse  needed  to  reach  this  threshold  for 
control  of  the  large  Fresnel  number  spatial  mode  is  low  (2x10^  photons  per  mode)  compared 
with  the  surprisingly  laige  (10®)  number  of  Input  photons  needed  to  establish  a  fully 
stabilized  character  in  the  unsaturated  near  unity  Fresnel  number  Raman  amplifier. 

1.  BSTTRODUCnON 

The  macroscopic  fluctuations  In  the  eneigy  of  Individual  pulses  produced  In  a  Raman 
self-generator  have  been  observed  experimentally  and  most  of  the  features  are  contained 
within  the  quantum  treatments  which  describe  the  buildup  of  stimulated  Raman  scattering 
from  quantum  noise  In  the  linear  regime.  Photons  of  frequency  (Ol  scatter  from  a  sample  of 
ground  state  atoms  leaving  the  atoms  in  an  excited  state  and  producing  photons  at  the  Stokes 
frequency  ©s.  where  the  difference  between  ©l  and  ©s  Is  a  vibrational  or  rotational 
frequency  of  the  Ramfui  active  medium.  The  first  few  photons  at  the  Stokes  frequency  are 
emitted  spontaneously,  the  actual  number  varying  from  pulse  to  pulse  because  of  the 
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quantum  noise  initiation.  The  emission  subsequently  takes  on  a  stimulated  character  as  the 
pulse  builds  up  In  intensity  to  a  level  of  the  order  of  10^  photons.  If  there  Is  no  depletion  of 
the  laser  pump  field,  or  of  the  molecular  population,  then  the  statistical  properties  of  the 
Initiating  photons  are  preserved.  For  a  transient  system,  such  that  onty  one  temporal  mode 
exists,  and  for  a  Fresnel  number  Fal.  (where  F=  A/XL  with  A  the  beam  area,  X  the 
wavelength  and  L  the  length  of  the  pumped  or  generating  volume)  such  that  only  a  single 
spatial  mode  Is  sustained,  the  probability  density  function  PCW)  for  the  Stokes  energy  is  a 
negative  exponential 

=<W>-lcxp(-W/<W>) 

where  <W  >  Is  the  mean  value  of  the  energy.  In  this  case,  the  most  probable  energy  is  zero  and 
100%  fluctuation.**  about  the  mean  are  predicted.  As  the  Fresnel  number  Increases  and  more 
transverse  modes  are  introduced,  the  quantum  fluctuations  are  significantly  reduced  and  the 
distribution  of  the  total  Stokes  energy  Wt  is  no  longer  described  by  a  simple  negative 
exponential,  but  Instead  Is  approximated  by  a  gamma  distribution 

PN iwt ) ^idi)\  ^;n  >> 

where  N  (<>cF  Is  the  number  of  statistically  Independent  spatial  modes.  In  the  limit  of  a 
large  number  of  spatial  modes,  the  gamma  distribution  converges  to  a  gausslan,  as  expected 
from  the  central  limit  theorem. 

E^xpertments  have  also  been  done  in  the  nonlinear  regime  where  there  was  significant 
depletion  of  the  pump  energy  and  the  theory  of  Mostowskl-Raymer  was  extended  to  cover 
transient  Raman  scattering  in  a  single  spatial  mode  system  with  pump  depletion.  In  contrast 
to  the  linear  case,  where  the  distribution  of  Stokes  energies  follows  a  negative  exponential 
function,  a  well  stabilized  distribution  of  energies  is  found  in  the  nonlinear  regime,  with  a 
peak  at  the  mean  energy  value  of  the  Stokes  pulse  energy. 

The  primary  purpose  of  the  present  work  was  to  understand  how  a  high  gain,  near 
tl'.reshold.  Raman  amplifier  could  be  controlled  by  an  Input  ser'd-Stokes  beam.  The  seed 
Stokes  beam,  being  derived  from  a  self-generator  driven  into  saturation,  had  a  tight 
distribution  of  energies,  whereas  the  pulse  energy  statistics  of  the  unseeded  Fresnel  number  1 
amplifier  showed  large  intensity  fluctuations.  However,  for  a  seeded  amplifier  in  the 
unsaturated  regime,  the  amplified  pulse  should  have  the  identical  statistical  distribution  as 
the  original  input  seed  Stokes  pulse.  Since  we  needed  to  know  the  amount  of  seed  Stokes 
required  to  domirrate  the  self-generated  Raman,  and  since  the  spatial  profiles  of  both  outputs 
would  appear  Gaussian  since  the  Fresnel  number  was  small,  a  study  of  the  statistical 
properties  was  essential.  In  the  case  of  a  large  Fresnel  number  system  the  situation  Is  more 
complicated,  since  the  self-generator  produces  a  spatial  mode  pattern  with  random 


characteristics.  Even  for  a  Fresnel  number  10  geometry,  the  statistical  distribution  of  pulse 
energies  for  the  self-generated  Stokes  was  sufficiently  different  from  that  of  the  saturated 
input  seed  Stokes,  having  a  mean  energy  value  much  les  than  1.  that  the  statistical  character 
of  the  amplified  Stokes  in  this  larger  aperture  geometry  was  still  a  useful  measure  of  the 
degree  of  control  impressed  upon  the  amplifier  by  the  seed  Stokes  beam. 

2.  EXPERIMENT 

The  experimental  apparatus  used  in  these  studies  has  been  described  above.  In  brief,  a 
frequency-doubled  Nd:YAG  mode-locked  laser  with  pulses  of  40  psec  duration  and  energies  of 
10  to  20  mJ  at  532  nm  was  used  both  to  produce  the  seed-Stokes  pulse  in  a  single-pass  Raman 
self-generator  and  to  pump  the  Raman  amplifier.  Both  the  seed-Stokes  generator  and  the 
amplifier  used  H2  gas  at  a  common  pressure  in  the  range  of  5  to  55  atm.  The  seed-Stokes 

generator  was  operated  well  into  saturation  with  a  depletion  level  of  about  15%  to  assure  a 
moderately  stable  seed-Stokes  amplitude  and  the  682nm  Stokes  output  was  separated  from 
the  pump  by  use  of  a  color  filter.  The  seed-Stokes  pulse  typically  had  ISpJ  of  energy  after 
spatial  filtering  and  had  a  pulse  duration  of  25  psec  with  a  rise  time  that  was  2  to  3  times 
faster  than  that  of  the  pump.  The  pump  energy  used  in  the  Raman  amplifier  was  also 
spatially  filtered  and  was  passed  through  a  variable  delay  path  to  allow  adjustment  of  the 
relative  timing  between  it  and  the  seed-Stokes  pulse.  There  is  an  optimal  timing  of  the  seed- 
Stokes  pulse  relative  to  the  pump  pulse  for  providing  maximum  gain.  The  amplification 
peaks  when  the  seed-Stokes  pulse  is  advanced  by  about  20  psec  relative  to  the  peak  of  the 
pump  pulse,  with  a  gradual  falloff  for  larger  advances  and  a  steeper  falloff  as  the  advance  Is 
decreased.  The  pump  and  seed-Stokes  beams  were  combined  and  telescoped  to  a  confocal 
parameter  well  in  excess  of  the  100  cm  length  amplifier  cell  used  for  these  experiments.  The 
gain  of  the  amplifier  was  controlled  by  varying  the  energy  of  the  pump  pulse  while  the  degree 
of  saturation  could  be  adjusted  by  changing  the  energy  of  the  seed-Stokes  pulse  incident  in 
the  amplifier 

The  input  and  transmitted  Stokes  and  pump  pulses  were  measured  with  fast 
photodiodes  for  determining  relative  pulse  energies  while  calibrated  energy  meters  were  used 
for  absolute  pulse  energy  measurements.  Histograms  of  output  Stokes  pulse  energies  were 
obtained  automatically  with  a  microcomputer-based  data-acquisltlon  system  using  the 
photodiode  measvirements  of  the  input  and  output  Stokes  pulses  and  pump  pulses.  The 
photodiode  signals,  which  had  a  duration  of  1  nsec  due  to  the  inherent  characteristics  of  the 
photodiodes,  were  Unearty  amplified  and  stretched  in  time  to  have  a  dirration  of  2  msec.  The 
stretched  pulses  were  roistered  in  fast  sample-and-hold  units,  which  were  then  read  through 
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an  analog-to-dlgltal  converter  unit  and  computer  processed.  The  energy  meter  signals  also 
had  to  be  amplified  but  could  be  read  by  relatively  slow  sample-and-hold  units.  Acceptable 
shots  were  restricted  to  those  with  pump  energies  within  a  5%  or  1%  range  and  histogram 
sample  sizes  were  typically  of  2000  laser  pulses  distributed  into  100  bins. 

The  spatial  profiles  were  measured  using  a  2-dlmenslonal  intensified  camera  placed  a 
distance  of  60  cm  after  the  exit  window  of  the  amplifier  cell.  The  Beamcode  sofitware  used 
provided  automatic  Gaussian  fits  and  beam  waist  sizes  of  the  beam  profiles. 


3.  RESULTS 

lOOpsi  Hg 

i  =  0.062 


500  psi  Hg 


800  psi  Hg 
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In  order  to  characterise  our  experiment,  we  Initially  looked  at  the  statistics  of  the 
Stokes  pulses  using  the  amplifier  cell  as  a  self-generator,  operated  Just  above  threshold.  For  a 
Fresnel  number  of  0.83.  we  were  able  to  see  the  effects  on  the  energy  probability  distribution 
function  due  to  Increasing  the  number  of  temporal  modes  by  decreasing  the  degree  of 
transiency.  Results  are  shown  in  Fig.  1  for  three  different  pressures  of  H2  (7atm.,  Tp/x2  = 
0.062;  34atm.,  'I>/x2  =  0. 19:  SSatm..  Tp/x2  =  0.30)  where  Tp  is  the  laser  pulse  duration  and  X2 
is  the  dephaslng  time.  The  deviation  from  a  negative  exponential  Is  seen  in  the  lowest  energy 


bins  and  the  results  follow  closely  that  of  other  researchers. 
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Fig.  2 

The  probability  distributions  of  the  self-generated  Stokes  is  also  shown  as  the 
transition  from  the  linear  to  the  nonlinear  regime  is  made.  The  data  in  Fig.  2  were  obtained 
with  F=  0.83  and  Tp/x2  =  0.062  as  the  pump  energy  was  increased.  For  small  depletion  levels 


31 


a  negative  exponential  distribution  is  reproduced.  At  2.3%  depletion  a  transition  occurs  and 
the  distribution  is  essentially  flat.  With  increasing  depletion,  a  distribution  with  a  well- 
defined  peak  centered  at  W/<lV’>sl  is  seen  to  narrow  up  rapidly.These  results  are  in  excellent 


agreement  with  the  predictions  of  Lewensteln. 


0  12  3 


0  12  3 


W/<W> 


W/<W> 


Fig.  3 

The  statistics  of  the  amplified  Stokes  pulses  were  obtained  with  the  same  F  =  0.83  and 
Tp/'C2  =  0.062  ^tem  and  are  shown  in  Fig.  3.  In  the  absence  of  an  input  seed-Stokes  pulse,  the 
pump  energy  was  Just  sufficient  to  drive  the  self-generator  above  threshold.  Then,  as  the 
amount  of  seed  Stokes  was  Increased,  the  pump  energy  was  decreased,  to  keep  the  amplified 
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Stokes  at  about  the  same  level.  Thus,  one  has  amplification  of  a  well-stabilized  seed-Stokes 
distribution  competing  with  self-generated  Raman  which  builds  from  quantum  noise  In  the 
amplifier  itself. 

It  should  be  emphasized  that  the  data  used  In  Flg.3  were  taken  for  a  pump  eneigy  at.  or 
below,  visible  threshold  for  Stokes  production  since,  for  higher  pump  energies  the  distribution 
quickly  loses  the  negative  exponential  character.  Using  the  computed  average  energies  of  the 
distributions  we  were  able  to  estimate  the  ratio  R.  of  chaotic  to  stabilized  energy  In  the  output 
Stokes  pulses.  The  data  aqulsltlon  system  also  calculated  the  average  pump  pulse  eneigy  for 
each  data  set  and  so  the  chaotic  contribution  could  be  scaled  according  to 

cxp[2u(VP2  -  a/Pi)1  X 


where  Wj  2  is  the  chaotic  self-generated  energy  corresponding  to  the  pump  energy  Pi,2 
usV2gsshA2  A .  with  gss  being  the  stea<fy  state  gain. 

In  the  narrow-band  limit,  the  distribution  of  pulse  energies  due  to  a  superposition  of 
stabilized  (IVsta)  and  chaotic  (Web)  energy  components  Is  given  by 


^  _L _ f  W-»<Wsta>i  T  f2(W<Wsta>l^/^i 

*^~<Wch>^'*  <Wth>  *  <Wbh>  ^ 


where  Iq  Is  the  modified  Bessel  function  of  order  0.  We  have  calculated  the  distribution  P(W) 
for  values  of  Rs  <l^h>/<'^sta>  corresponding  to  those  encountered  in  the  experiment  and  the 
results  are  shown  In  Fig.  4. 

The  similarities  of  Figs.  3  and  4  indicate  that  the  amplified  Stokes  statistics  are  a  reflection 
of  the  degree  of  stabilized  to  chaotic  nature  of  the  output.  However,  the  actual  ratio  of  the 
number  of  noise  photons  to  the  number  of  seed-Stokes  photons  is  quite  different.  It  Is 
apparent  that  the  presence  of  a  large  input  seed-Stokes  field  significantly  aids  the  growth  of 
the  noise  photons  via  the  phonon  buildup  established  by  the  seed  Stokes  which  precedes  the 
pump-lnltlated  noise  photons.  The  nolse-Stokes  field  and  the  seed-Stokes  field  Interact  In 
the  nonlinear  gain  medium  In  such  a  way  that  the  amplification  of  the  minor  field  is 
enhanced. 

The  spatial  profile  of  a  near  unity  Fresnel  number  system  is,  of  course,  a  near  Gaussian. 
However,  we  do  see  the  l/e^  diameter  of  both  the  self-generated  Stokes  and  of  the  non- 
saturated  amplified  Stokes  beams  as  being  significant^  broader  (2.3mm)  than  that  of  the 
input  pump  (1.5mm)  or  seed-Stokes  (1.7mm)  when  measured  at  60  cm  after  the  amplifier  cell 
exit  window.  This  Is  presumeably  due  to  gain  narrowing  followed  by  diffraction  of  the  beam. 
When  the  output  Stokes  eneigy  exceeds  30%  of  the  pump  energy,  a  strong  halo  reaching  25% 
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of  the  central  intensity,  becomes  evident  around  a  central  component  of  diameter  about 
1.7mm. 
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With  a  Fresnel#5  pump  system,  the  spatial  profiles  of  the  self-generated  Stokes  vary 
from  shot-to-shot  as  shown  In  Fig.  5(a)-(c).  However,  for  a  F#10  Input  seed  Stokes  which 
overfills  the  pump  volume,  the  amplified  Stokes  coUapses  down  to  a  smoothe  Gaussian  with 
only  a  low  level  of  Input  seed  Stokes  and  the  l/e^  diameter  (1.6mm)  is  smaller  than  that  of 
either  the  pump  (2.8inm)  or  the  seed  Stokes  (4.2nun).  The  spatial  mode  of  the  amplified 
Stokes  Is  shown  In  Fig.  5(d)-(f)  for  an  Input  seed-Stokes  pulse  of  900  photons. 
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Fig.  5 

For  levels  of  about  100  Input  seed-Stokes  photons  the  low  energy  shots  show  the  random 
spatial  distributions  of  intensity  characteristic  of  the  higher  Fresnel  number  self-generated 
outputs,  whereas  the  higher  energy  shots  have  a  locked  Gaussian  nature.  With  injection 
levels  of  the  order  of  1000  seed-Stokes  photons,  the  spatial  mode  has  a  locked  character  but 
the  statistical  distribution  of  Stokes  energies  is  still  dominated  by  a  negative  exponential 
character.  There  is  an  abrupt  change  in  the  statistics  of  the  amplified  Stokes  energies  for 
Inputs  between  10^  and  10^  photons  when  the  negative  exponential  distribution  changes 
over  to  a  well-stabilized  distribution  centered  about  W=<W>.  With  increasing  input  seed 
Stokes,  the  spatial  mode  of  the  amplified  Stokes  remains  Gaussian,  developing  a  strong  halo 
under  satiuatlon  approaching  20%  of  the  peak  intensity  of  the  central  component. 
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Second  Stokes  Generation  in  Deuterium 


ABSTRACT 

We  have  investigated  the  growth,  the  spatial  mode  profiles  and  the  pulse  energy 
statistics  of  the  first  and  second  Stokes  generated  In  a  transient  stimulated  Raman  self¬ 
generator  experiment.  In  particular,  we  have  observed  two  distinct  regions  of  second  Stokes 
growth.  The  first  region  is  characterized  by  a  low  signal  level  due  to  4-wave  mixing.  The 
second  region  appears  to  be  one  of  stimulated  growth  seeded  by  spontaneous  scattering  at  the 
second  Stokes  wavelength,  an  assumption  supported  by  the  rapid  growth  of  the  second  Stokes 
signal  and  the  observation  of  pulse  energy  statistics  Indicative  of  growth  fi-om  noise.  The 
absolute  level  of  the  Stokes  signal  in  the  4-wave  mixing  region  varied  as  a  function  of 
deuterium  gas  pressure,  increasing  for  lower  pressures  as  a  result  of  stronger  4-wave  mixing. 
We  have  also  measured  the  second  Stokes  threshold  as  a  function  of  deuterium  pressure  and 
have  observed  results  consistent  with  first  Stokes  threshold  measurements  made  at  high 
pressures.  At  lower  gas  pressures,  the  threshold  for  second  Stokes  generation  is  lowered, 
indicating  some  seeding  of  the  stimulated  process  due  to  4-wave  mixing. 

EXPERIMENTAL  APPARATUS 

The  general  experimental  apparatus  used  in  these  studies  has  been  described  above.  In 
brief,  a  frequency-doubled  Nd:YAG  mode-locked  laser  with  spatially  filtered  pulses  of  40  ps 
duration  and  5  mJ  of  energy  at  532  run  was  used  to  pump  a  Fresnel  number  one.  single-pass 
Raman  self-generator.  The  Raman  cell  was  filled  with  deuterium  at  a  pressure  In  the  range  of 
45  to  145  atm.  A  separate  seed-Stokes  generator  was  operated  well  into  saturation  with  a 
depletion  level  of  about  15%  to  provide  stable  Stokes  outputs  at  633  ran  and  780  nm  for  the 
purpose  of  calibrating  photodiodes  at  these  two  wavelengths.  The  532  nm  pump  beam  had  a 
confocal  parameter  well  in  excess  of  the  100  cm  length  amplifier  cell  used  for  these 
experiments.  A  two  cell  arrangement  was  used  at  certain  times  to  clarify  the  role  of  first 
Stokes  beam  quality  In  the  generation  of  the  second  Stokes.  In  those  cases  the  first  Stokes 
was  generated  in  a  separate  cell  and  then  spectrally  isolated  before  being  used  to  generate  the 
second  Stokes. 

The  input  pump  and  the  generated  first  and  second  Stokes  pulse  eneigles  were  measured 
with  caUbrated  photodiodes.  Gain  and  pulse  energy  statistics  data  were  acquired 
automatlcalfy  with  a  microcomputer-based  data-acqulsitlon  system.  Statistical  data  on  the 
Stokes  energy  distributions  were  collected  with  5%  and  1%  windows  on  the  incident  pump 
energy.  IVplcal  samples  contained  data  from  2000  laser  shots  in  the  eneigy  window  with  the 
data  being  collected  into  100  energy  bins  of  equal  width.  For  gain  measurements  the  natural 


scatter  of  pump  pulse  energies  was  utilized  in  generating  complete  curves  showing  the 
dependences  of  the  1st  and  2nd  Stokes  energies  on  pump  energy.  Spatial  profiles  of  the  pump, 
the  1st  Stokes,  and  the  2nd  Stokes  were  measured  using  a  digital  camera  placed  35  cm  sifter 
the  exit  window  of  the  self-generator  ceU. 

RESULTS  AND  DISCUSSION 

The  growth  of  the  first  and  second  Stokes  in  a  single  cell  as  a  function  of  the  532  nm 
pump  energy  for  two  different  deuterium  pressures  is  shown  In  Fig.  1.  The  first  Stokes 
follows  the  expected  form  of  exponential  growth  followed  by  saturation.  The  second  Stokes, 
however,  has  two  separate  growth  regions,  most  clearly  seen  at  high  pressure  In  Fig.  1(a).  The 
first  Is  a  4-wave  mixing  region  which  Is  followed  by  a  region  of  exponential  growth.  As  seen 
In  Fig.  1.  the  4-wave  mixing  contribution  Is  greater  at  lower  pressures.  At  higher  pressures, 
the  phase-matching  angle  Is  greater  and  falls  farther  outside  the  angular  spread  of  the  pump 
and  Stokes  beams,  reducing  the  strength  of  the  4-wave  mlxliig  process.  At  the  lower  pressure 
the  4-wave  mixing  region  la  not  as  distinct  a  region  and  seems  to  blend  somewhat  with  the 
eventual  exponential  growth  that  the  second  Stokes  undergoes.  Figure  2  shows  pulse  energy 
statistics  of  the  second  Stokes  measured  at  various  points  on  the  second  Stokes  growth  curve 
of  Fig.  1(a).  Figure  2(a)  shows  pulse  energy  statistics  characteristic  of  pulses  produced  by  a 
well-stabilized  source. 


Pump  Energy  (mJ)  Pump  Energy  (mJ) 

FIG  1.  First  and  second  Stokes  generation  from  deuterium  gas  at  two  different 
pressures  as  a  function  of  532  nm  pump  energy,  (a)  Deuterium  pressure  of  1950 
psl;  (b)  deuterium  pressure  of  700  psl.  The  boxed  letters  In  figure  (a)  indicate 
regions  where  pulse  energy  statistics  were  measured  (see  Figure  2). 
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FIG.  2.  Pulse  energy  statistics  for  the  second  Stokes  signal  from  three  different 
regions  of  Fig.  1(a);  (a)  from  the  4-wave  mixing  region  identified  as  A;  (b)  from  the 
exponential  growth  region  identified  as  B;  (c)  from  the  saturated  region  Identified 
as  c.  W  is  the  pulse  energy  and  <W>  Isthe  average  pulse  energy. 

This  Is  consistent  with  production  of  the  second  Stokes  signal  by  4-wave  mixing  from  a 

relatively  constant  energy  pump  and  a  saturated  first  Stokes.  Figure  2(b)  shows  a  pulse 

energy  distribution  measured  In  the  exponential  growth  region  for  the  second  Stokes  In  Fig. 

1(a).  Here  the  distribution  Is  highly  peaked  at  a  very  low  energy  value,  an  indication  that  the 

pulses  are  generated  from  an  extremely  nol^  source,  such  as  quantum  noise.  However,  the 

distribution  is  different  than  would  be  expected  if  the  source  was  simply  quantum  noise.  A 

further  experiment  performed  with  separate  Raman  cells  for  first  Stokes  and  second  Stokes 

generation  showed  that  the  excessively  noisy  nature  of  the  distribution  in  Fig.  2(b)  was 

caused  by  spatial  beam  degradation  in  the  first  Stokes  light.  When  the  degradation  of  the 

first  Stokes  beam  quality  was  removed  by  spatial  filtering,  the  distribution  returned  to  a 

more  normal  negative  exponential  distribution  typical  of  that  produced  by  quantum  noise. 

Figure  2(c)  shows  a  pulse  energy  distribution  taken  from  the  region  in  Fig  la  where  the  second 

Stokes  Is  beginning  to  saturate.  The  form  of  the  distribution  is  consistent  with  a  saturated 

process. 

We  have  made  threshold  measurements  for  both  first  and  second  Stokes  generation.  We 
define  threshold  to  be  when  the  Stokes  order  of  Interest  has  reached  an  energy  level  that  Is 
0. 1%  of  that  Stokes'  pump  energy.  At  high  pressures  we  found  that  the  threshold  for  second 
Stokes  generation  matched  the  first  Stokes  generation  threshold  very  well.  The  values  were 
obtained  in  a  single  cell  and  were  corrected  for  effects  such  as  reduced  cell  length  for  second 
Stokes  generation  and  slightly  reduced  beam  quality  of  the  generated  first  Stokes.  Other 
experiments  have  reported  anomalously  high  thresholds  for  second  Stokes  generation. 
Explanations  proposed  have  concentrated  on  the  gain  narrowing  of  the  first  Stokes  beam 
and  the  subsequent  reduction  of  second  Stokes  generation  due  to  the  diverging  beam.  Our 
experiments  were  performed  using  a  collimated  532  nm  pump  beam  to  minimize  any 
divergence  problems.  Detailed  measurements  indicate  that  the  first  Stokes  does  pick  up 
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some  excess  dlveigence  even  though  we  saw  no  large  effects  of  this  divergence  on  the  second 
Stokes  threshold.  At  lower  deuterium  pressures  the  threshold  for  second  Stokes  Is  well  below 
the  first  Stokes  threshold.  This  Is  consistent  with  our  observation  of  an  Increase  In  4-wave 
mixing  at  lower  pressures. 

Unanswered  questions  remain  concerning  the  generation  of  second  Stokes  light.  At 
high  pressures,  why  doesn't  the  second  Stokes  light  generated  from  4-wave  mixing  seed  the 
stimulated  gain  and  dominate  the  apparent  growth  from  spontaneous  scattering?  Further 
work  is  In  progress  on  evaluating  the  first  and  second  Stokes  growth  in  the  transient  limit, 
with  quantum  noise  initiation  correctly  modelled  and  four-wave  mixing  included.. 
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Parametric  Raman  ^ain  auppression  in  D2  and  H2 


It  has  been  known  for  many  years  that  at  exact  phase  matching  Stokes/antl-Stokes 
coupling  suppresses  the  normal  exponential  gain  In  stimulated  Raman  scattering. 
Bloembeigen  and  Shen^'3  showed  that  the  stimulated  Raman  radiation  would  grow  as  a  mixed 
mode  containing  both  Stokes  and  antl-Stokes  components.  When  the  Stokes/antl  Stokes 
interaction  is  not  phase  matched  both  waves  grow  exponentially,  with  the  ratio  of  their 
Intensities  depending  on  the  magnitude  of  the  wave  vector  mismatch.  Under  phase  matched 
conditions,  however,  the  parametric  coupling  of  the  waves  suppresses  the  buildup  of  the 
phonon  population  In  the  medium,  terminating  the  growth  of  both  optical  waves.  Such 
behavior  has  also  been  predicted  in  numerical  solutions  of  the  stimulated  Raman  equations"^. 

Experimental  evidence  of  gain  suppression  has  been  obtained  primarily  In  self- 
generation  experiments,  in  which  it  has  taken  the  form  of  unexpectedly  high  thresholds,  of 
dark  regions  in  the  Stokes  emlsslon^'^  or  of  anti-Stokes  emission  at  angles  offset  from  the 
phase  matching  direction^.  Addltlonalhr.  Bloembeigen^  has  reported  Stokes  amplification  at 
levels  below  theoretical  expectations.  These  experimental  observations  confirm  a  reduction  of 
gain  at  phase  matching,  but  they  do  not  establish  either  the  extent  of  the  gain  reduction  or  that 
the  growth  of  the  scattered  radiation  is  non-exponential  for  the  phase  matched  Interaction. 

Gain  suppression  because  of  Stokes/antl-Stokes  coupling  has  been  discussed 
theoretically  in  the  literature  onfy  for  steady-state  Interactions.  We  summarize  the  predictions 
of  that  theoiy  below  to  Indicate  the  source  of  gain  suppression  and  some  of  its  properties  in  the 
steady  state.  Although  quantitative  comparison  of  these  predictions  with  the  transient 
experiments  described  later  In  the  paper  is  open  to  question,  the  fact  that  the  experimental 
results  reproduce  the  qualitative  features  of  the  steady  state  theoiy  indicates  that  the  same 
underlying  physical  principle  applies  to  both  regimes. 

In  the  presence  of  Stokes/antl-Stokes  coupling  stimulated  Raman  scattering  Is  described 
by  the  equations 

dA^/dz= -Ki  l^|2 -  K2 A£2 Ag*  exp(-IAk^  ^  (la) 

dAs*/dz=  K3  IAl|2a5*  +  K2(c()sny^/ooAS*^sJ^*  ^  AaS 
where  Ki  =  -IK^s  *AS*  ^2  =  *  “^AslXAS  ^3  =  -iKsXs*.  XS  and  XAS  are  nonlinear 

susceptibilities  for  stimulated  growth  of  the  Stokes  and  antl-Stokes  waves,  respectively. 
^S(AS)  =  2  «  Na)3^)  /**S(AS)  c  ,  N  is  the  number  density,  and  Ak  =  ks  +  ky^  -  2kL  Is  the  wave 
vector  mismatch. 

For  non-zero  values  of  Ak  the  Stokes  and  antl-Stokes  field  amplitudes  have  exponential 
growth  of  the  form  exp(gz),  with  the  gain  coefilclent  g  given  by  2.3 
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g  =  Ke{(l/2)(K3-Ki)  IAlI^ 

-(l/2)[A2+2iac(%+Ki)  i;^|2  -(Ki-iy2  |i^|4]  l/2^_  (2) 

When  Ak  =  0  the  exponential  gain  in  equation  (2)  goes  to  zero.  Under  this  condition  the 
Stokes  and  antl-Stokes  waves  grow  non-exponentlally.  with  amplitudes  given  by 
As(z)  =  AsKU  { Ki  /  (K1-K3)  -  I K3  /  ( K1-K3 )J  expl  -  ( K1-K3 )  I Al|2 z  D 

+  (<«is  J  K1-K3 )]  A^O)  {1  -  expl  -  ( K|^-K3 )  I  A^l  2  z  D  (3a) 

AasW  =  Aas(0)  «  Kj  /  ( K1-K3  )1  expl  -  ( K1-K3 )  I A^l  2zl  -  IK3  /  ( K1-K3 )» 

-  IK2  /  ( K1-K3 )]  As(0)  11  -  expl  -  ( K1-K3 )  I  AlI  2  z  1).  (3b) 

The  growth  of  the  Stokes  and  anti-  Stokes  amplitudes  at  phase  matching  is  initially  linear  in 
z.  It  slows  down  as  z  increases  until  the  condition  .^(z)  =  -  (K1/K2)  A/^(z)  is  asymptotically 

approached  at  large  z,  in  which  limit  neither  the  Stokes  nor  the  antl-Stokes  wave  grows 
further.  The  small-z  limit  of  this  solution  has  been  given  in  reference  3,  and  the  initial  growth 
and  eventual  limitation  of  both  waves  has  been  described  in  numerical  solutions  in  reference 
4. 

We  have  made  measurements  of  stimulated  Raman  scattering  In  both  H2  and  D2.  The 
pump  radiation  was  a  30  picosecond  pulse  from  a  frequency-doubled,  mode-locked.  Nd:YAG 
laser  .  typically.  1  mJ  of  the  532  nm  radiation  was  used  to  drive  a  single-pass  Raman  seed 
generator  and  the  remaining  pump  eneigy.  up  to  3  mJ.  was  used  to  pump  the  1  m  long  Raman 
amplifier  cell. 

The  seed  Stokes  and  the  amplifier  pump  beams  were  spatially  filtered,  their  diameters  were 
matched  at  the  amplifier  entrance  with  telescopes  and  the  pulses  were  overlapped  in  time  for 
maximum  galn^^.  Both  beams  were  used  for  the  seeded  amplifier  measurements,  while  the 
Stokes  seed  beam  was  blocked  for  the  self-generation  e]q;>erlments. 


Fig.  1.  Photograph  of  the  far-field  of  a  typical  self-generated  antl-Stokes  emission  pattern  for 
H2  at  a  pressure  of  about  14  atm.The  dark  band  separating  the  two  bright  rings  occurs  at  exact 
phase  matching. 

The  far-field  of  a  typical  antl-Stokes  emission  pattern  obtained  from  the  single-pass 
generator  at  a  H2  pressure  of  about  14  atm  using  a  collimated  0.5  mm  diameter  pump  is  shown 

In  Fig.  1.  The  bright  spot  In  the  center  arises  from  the  phase  mismatched  antl-Stokes  growth 
that  accompanies  the  forward  Stokes  emission  and  effectively  overlaps  the  far-field  of  the 
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pvimp.  In  the  vicinity  of  the  phase  matching  angle  the  antl-Stokes  intensity  increases  rapidly 
as  Ak  decreases,  forming  the  bright  inner  ring,  and  then  drops  precipitously  at  exact  phase 
matching,  forming  the  dark  band  between  the  bright  rings.  For  angles  larger  than  the  phase 
matching  angle,  the  antl-Stokes  emission  rises  once  again  as  Ak  increases,  but  eventually 
decreases  due  to  the  reduced  Interaction  length  at  larger  angles  .  forming  the  bright  outer  antl- 
Stokes  ring. 

The  angular  diameter  of  the  dark  band,  as  measured  with  a  silicon  diode  array  at  the 
focus  of  a  1  m  lens,  was  independent  of  the  pump  intensity  and  varied  as  the  square  root  of  the 
pressure.  At  about  18  atm  its  measured  diameter  was  8.5  mrad  ±  10%.  in  reasonably  good 
agreement  with  the  value  of  7.4  mrad  predicted  for  phase  matching  from  published  dispersion 
data^^.  The  diameters  of  the  bright  antl-Stokes  emission  rings  were  dependent  on  pump 
Intensity,  with  their  angular  offset  from  phase  matching  Increasing  with  pump  intensity.  At  a 
constant  pump  Intensity  the  angular  offset  of  the  antl-Stokes  emission  rings  from  the  phase 
matching  direction  varied  as  the  square  root  of  the  gas  pressure  In  agreement  with  the 
predictions  of  the  steady  state  theory.  ^  The  fact  that  the  diameter  of  the  dark  band  was 
independent  of  pump  intensity,  coupled  with  the  reasonabfy  good  agreement  between  the 
experimental  angular  radius  of  the  dark  band  and  the  theoretical  phase  matching  angle, 
indicates  that  It  is  the  dark  band,  and  not  the  bright  emission  bands,  that  satisfies  the  phase 
matching  conditlon.Thls  Is  to  our  knowledge  the  first  experimental  identification  of  the  dark 
band  in  the  anti-Stokes  emission  that  was  predicted  by  Bloembeigen^.  although  similar  dark 
bands  may  be  evident  In  the  antl-Stokes  rin^  reported  by  Maker  and  Terhune.  ^2 

The  relative  Intensities  of  the  bright  emission  rings,  and  hence  the  appearance  of  the 
antl-Stokes  emission  pattern,  depended  on  the  gas  pressure.  The  two  bright  rings  were 
prominent  simultaneously  only  In  the  pressure  range  between  about  12.5  atm  and  35  atm.  At 
pressures  higher  than  this  range  the  outer  ring  dominated  the  pattern,  while  at  lower  pressures 
only  the  inner  ring  was  visible. 

The  Stokes  radiation  Is  emitted  in  a  broad  central  angular  cone  with  a  dark  band  at  the 
Stokes  phase  matching  angle.S  The  large  Stokes  phase  matching  angles  in  H2  made  it  difficult 

to  obtain  quantitative  data  In  the  region  beyond  the  phase  matching  angle.  Consequently,  we 
chose  to  study  the  dependence  of  the  Stokes  gain  on  the  crossing  angle  in  D2,  in  which  the 

phase  matching  angle  is  smaller  because  of  the  smaller  R£iman  shift.  For  gain  measurements 
In  D2  the  probe  and  pump  beams  were  focused  in  the  center  of  the  Raman  amplifier.  For  the 

range  of  crossing  angles  used  the  two  beams  overlapped  for  appnoxiinatety  2.6  cm.  a  distance 
short  compared  to  the  confocal  parameter  of  10  cm,  allowing  the  gain  to  be  measured  in 
effectively  the  plane  wave  limit. 
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The  far  field  of  a  typical  self-generated  Stokes  emission  pattern  produced  in  D2  at  about 
20  atm  is  shown  in  Figure  2.  It  consists  of  a  large,  diffuse  emission  region  in  the  center,  a  dark 
band,  and  emission  at  larger  angles.  The  small  bright  spot  within  the  dark  band  is  our  Stokes 
probe  beam.  The  dark  band  corresponds  to  the  region  of  non-exponential  gain  around  the 
Stokes  phase  matching  angle.  At  larger  angles  the  Stokes  gain  again  increases,  but.  because  of 
the  reduced  Interaction  length,  emission  In  this  region  Is  visible  only  where  it  was  seeded  with 
the  Stokes  probe  beam  .  This  pattern  is  similar  to  ones  repotted  previously  by  several  authors 


Fig.  2.  Photograph  of  the  far-field  of  a  typical  self-generated  Stokes  emission  pattern  for  D2  at 
a  pressure  of  about  20  atm.  The  central  cone  and  part  of  the  outer  band  is  clearty  seen.  The 
bright  spot  within  the  dark  band  is  the  seed  Stokes  beam. 

Measurements  of  the  amplification  of  the  Stokes  seed  in  D2  at  41  atm  as  a  function  of 
pump  eneigy  at  pvimp-  probe  crossing  angles  of  5. 7.  and  9  mrad  are  shown  in  Figures  3a.  b  and 
c,  respectively.  The  curve  in  Fig.  3a  was  obtained  at  an  angle  slightly  smaller  than  the  phase 
matching  angle,  corresponding  to  the  e^e  of  the  central  emission  r^on  In  Fig.  2;  the  curve  In 
Fig.  3b  was  obtained  at  the  phase  matching  angle;  and  the  curve  in  Fig.  3c  was  obtained  at  an 
angle  greater  than  the  phase  matching  angle,  corresponding  to  the  center  of  the  outer  arc  of  the 
pattern  in  Fig.  2.  These  measurements  show  exponential  growth  for  the  Stokes  wave  at  angles 
on  either  side  of  the  phase  matching  angle.  Amplifications  up  to  approximately  10^  were 
obtained  off  phase  matching,  with  pump  depletion  limiting  the  gain  at  the  high  end.  The 
extrapolated  amplification  at  the  highest  pump  energy  in  the  absence  of  depletion  would  have 
been  10^.  For  a  given  laser  intensity  ,  the  gain  was  higher  for  the  smaller  angle  (Fig.  3a) 
because  of  the  longer  interaction  length.  In  contrast,  the  maximum  amplification  at  the  phase 
matching  angle  was  approximately  a  factor  of  two  for  the  Idghest  pump  energy  and  the  growth 
is  evidently  not  exponential  in  nature,  demonstrating  a  suppression  of  Stokes  amplification 
1^  at  least  a  factor  of  10^.  Positions  of  equivalent  gain-length  products  are  Indicated  by  the 
vertical  lines  in  the  figures. 
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Fig.  3.  Amplification  of  a  Stokes  seed  pulse  In  D2  at  41  atm  as  a  function  of  pump  energy  at 
three  different  crossing  angles,  (a).  A  crossing  angle  of  .5  mrad.  corresponding  to  the  outer  edge 
of  the  central  emission  pattern  In  Fig.  2;  (b)  Exact  phase  matching  at  7  mrad;  (c)  A  crossing 
angle  of  9  mrad,  corresponding  to  the  center  of  the  outer  arc  in  Fig.  2.  The  vertical  lines  In  each 
picture  indicate  positions  of  equivalent  gain-length  product. 

In  summary,  the  results  presented  here  are  the  first  quantitative  measurements  of 
parametric  gain  suppression  In  stimulated  Raman  scattering.  They  show  that  the 
amplification  of  the  Stokes  wave  at  phase  matching  is  lower  than  that  on  either  side  of  the 
phase  matched  angle  by  at  least  seven  orders  of  magnitude,  and  they  confirm  predictions  that 
the  growth  of  the  Stokes  wave  under  phase  matched  conditions  Is  not  exponential.  While  the 
general  features  of  gain  suppression  in  the  transient  regime  covered  by  our  experiments  are 
apparently  governed  by  the  same  underlying  physical  principle  as  those  of  the  steady  state 
theory,  some  of  the  quantitative  details,  such  as  the  angular  extent  of  the  gain-suppressed 
region,  could  be  affected  by  the  transient  response. 
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Wavefront  Studies 
in  a  Transient  Raman  Amplifier 


IDENTIFY  THE  EFFECTS  OF  TRANSIENT  RAMAN 
AMPURCAT10N  ON  THE  INPUT  STOKES  WAVEFRONT. 

PARTICULARS;  High  quality  pump  with  eithar  high  quality  or  abarrated  Stokas  wava. 


VARIABLES; 


•  Timing  twMMn  StakM  md  Pump 

•  Laval  of  gain 

•  Oagraa  of  taiurallon 


•  Timing  bataaan  Slokaa  and  Pump 

•  Laval  of  gam 

•  Dagraa  of  saturation 

•  Daplh  and  spatial  traquancy  of  adarradon 


POSSIBLE  Gain  narrowing 
EFFECTS; 


Input 


Output 


'  Diffarant  from  staady> 
stata-  diffarant 
„  intansity  dapandanca/ 


Phasa  pulling  Pump  and  Stokas  ara  phasa  modulatad 
Optimal  gain  at  non-coinc'idant  timing 
Stokas  phasa  is  pullad  into  corralation  w/pump 


Techniques  to  Evaluate  Beam  Quality 


FOR  HIGH  QUALITY  BEAMS:  >  Powar  in  tha  bucket 

•  Near  fiald/far  field  measurements 
—  compared  with  — 

Far  field  calculated  from  near  field  data 


FOR  ABERRATED  BEAMS:  •  Observe  tha  distortio/i  of  intarferomatar 

fringe  patterns 
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Experimental  Apparatus 


1.06^(11  S32nm 

S  PULSES /SECOND  lOmJ/PULSE 


2SmJ/ PULSE 
30PSEC 


Power  in  the  Bucket  Measurements 
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Power  In  the  Bucket  Results 


PInhola  Otamalar  PInhol*  Dlainttar 


_ Near  Field  /  Far  Field  Imaging 

1 .  DIVERGENCE  NOT  TAKEN  OUT 


2.  DIVERGENCE  TAKEN  OUT 


47 


GAIN  NARROWING  IN  THE  NEAR  FIELD 


Input  Stokes 


High  Gain 
Unsaturated 


Saturated  Gain 


FITTING  PROCEDURE 


INPUT  STOKES  FITS 


INPUT  PUMP  FITS 


ABERRATED  STOKES  INPUT 


CONCLUSIONS 


HIGH  QUALITY  STOKES  INPUT 

•  Inherent  quality  of  the  Stokes  t>eam  is  preserved  under 
transient  Raman  amplification. 

•  Under  high  gain,  unsaturated  conditions,  gain  narrowing  occurs. 
This  introduces  uniform  spherical  curvature  that  can  be  removed. 


ABERRATED  STOKES  INPUT 

•  Aberrations  with  low  spatial  frequency  and  depth  <  1  wave  are  preserved. 

•  Aberrations  preserved  for  saturated  and  unsaturatsd  amplification. 
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Transient  Raman  Amplification  in  a  Crossed  Beam  Geometry 


Wa  describe  results  of  experiments  in  a  crossed-beam  transient  Raman  ampiifiar  that 
examine  spatial  quality  of  the  amplified  Stokes  beam,  beam  combining  properties,  and 
effects  related  to  replication  of  the  crossing  pump  beams.  The  experimental 
measurements  were  made  using  40  ps  puises  produced  by  a  mode  locked  Nd:YAG 
laser  doubled  to  532  nm.  The  seed  Stokes  at  683  nm  was  produced  in  a  seif-generator 
ceil  filled  with  hydrogen  gas  at  25  atm.  Both  the  seed  Stokes  and  the  pump  beam  were 
spatially  filtered  before  being  combined  with  a  variable  delay  and  collimated  to  have 
confocal  parameters  in  excess  of  the  1  m  length  of  the  amplifier  cell.  The  pump  was 
split  into  two  beams  and  crossed  in  the  center  of  the  amplifier  cell.  An  intensified 
camera  was  used  to  record  the  near-field  spatial  profiles  of  the  amplified  Stokes.  This 
data  was  then  Fourier  transformed  and  compared  with  measured  far  field  profiles  to 
give  an  indication  of  beam  quality  of  the  amplified  Stokes. 
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Motivations  for  the  Present  Work 


^  Investigate  Level  of  Transient  Ampiification 
Using  Two  Pump  Beams 

JL  Investigate  Conversion  Efficiency 

^  Determine  Beam  Quality  of  Ampiified  Stokes 


Experimentai  Apparatus 


FILI 

532  nm 

/'♦ 

1  ml 

A 

'a/ 

1  /II 

1 . 

f 

^  AMPLIFIER  CELL 

I 


NEAR  FIELD 


MODE-LOCKED 
NDlYAO  LASER 

2SinJ/PULSE 

30PSEC 


10nvl/PULSE 


5. 


Beam  Quality  Analysis 


Naar  FMd  lmt«a 
(RaalData) 


Smooth  Naar  FMd  Calojlatad 
from  X  and  y  Qauasian  fits  10 
RaalNawFMd 


Far  FMd  knaga  Fourlar  TrantfOrm  Fourier  Traniform 
(Real  Data)  of  Real  Data  ofCalculatsd 
I  Naar  FMd 


Throughput  Caleulalad 
utlng  Naar  FMd 
Gauaalan  Paramalata 


Conaiant  Input  PhaM  Aaaumad 


Seed  Stokes  Beam  Quality 


# 

© 

NaarFlaM 

knaga 

Caieulatad  Naar 
FMd 

Far  FMd 
knaga 

FouriarTianatomt 
of  Naar  FMd 
Image 

Foortar 
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Amplified  Stokes  Beam  Quality 
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Image 
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Beam  Quality  -  1 .3 


High  Gain 

Pump/Stolwa  -  5  x  10* 
5  %  Energy  Conv. 
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Amplified  Stokes  Beam  Quality 


Beam  Quality  >  1 .8 
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0.1  %  Energy  Conv. 


58 


g 


Summary 


*  Amplification  Using  2  Pump  Beams 

•  Amplification  ia  adequate  to  reach  saturation 

•  Saturation  is  softer  than  for  single  pump  amplification 

*  Conversion  Efficiency 

•  Maximum  photon  conversion  efficiency  «  40% 

•  Less  than  for  single  pump 

*  Stokes  Beam  Quality 

•  Highly  saturated  gain  conditions  degrade  the  Stokes  substantially 

•  No  observed  pump  replication  (4-wave  mixing  induced) 

•  Low  saturation,  moderate  gain  gives  best  amplified  beam  quality 


Unstable  resonators  are  effective  In  producing  low  divergence,  high  power  radiation 
from  high  gain  lasers,  such  as  exclmer,  dye.  Nd:YAG  and  Infrared  molecular  lasers.  For  many 

applications,  narrow  llnewldth  Is  required  In  addition  to  low  divergence  and  high  power. 

1-5 

Narrow  bandwidth  operation  of  various  unstable  resonators  has  been  described.  In  one 
configuration,  commonly  used  for  single  line  operation  of  CO2  and  HF  lasers  in  the 

Infrared,^'®  the  frequency  narrowing  elements  are  added  to  a  linear  cavity  as  end  reflectors  or 
Internal  transmissive  elements.  However,  the  effectiveness  of  such  configurations  for 
producing  narrow-bandwidth  radiation  is  limited  In  principle  because  the  light  passing 
through  the  frequency-narrowing  elements  Is  highly  diverging  on  at  least  one  pass  through  the 
cavity.  Broadening  of  the  llnewldth  or  restriction  of  the  aperture  over  which 
narrow-bandwidth  radiation  is  obtained  can  ultimately  result.  These  limitations  are  more 
significant  at  shorter  wavelengths  because  of  the  wavelength-scaling  characteristics  of  the 
bandwidth  and  acceptance  angle  of  common  frequency  narrowing  elements. 

Alternative  configurations  that  have  expanding  telescopic  optics  and  extensive 
collimated  regions  that  potentially  can  be  used  for  frequency-narrowing  optics  have  been 
described.  1’®’^  One  of  these  consists  of  a  ring  around  the  gain  medium  with  one  pass  through 
the  gain  medium  per  roundtrlp.^*®  In  the  other,  the  beam  makes  two  passes  per  roundtrlp 
through  the  gain  medium  at  a  small  angle,  with  a  cavity  length  sufficient  to  separate  the 

Q 

Incoming  and  outgoing  beams  for  outcoupling.  Finally,  Alexseev  et  al  have  described  a 
composite  narrow-band  system  consisting  of  two  cavities  with  a  common  mirror.  One  cavity 
is  stable  and  provides  narrow-band  radiation.  The  outer  edges  of  the  mode  pattern  couple  into 
the  unstable  resonator  for  amplification. 

Because  of  the  angular-acceptance  limitations  associated  with  unstable  resonators, 
narrow-llnewldth  radiation  is  commonly  produced  in  oscillator-amplifier  systems  using 
stable  resonators.  Low-power,  low-divergence,  narrow-llnewldth  radiation  Is  generated  in  the 
stable  resonator  and  Is  subsequently  amplified  to  high  power  in  one  or  more  gain  stages  which 
can  operate  either  as  amplifiers  or  injection  locked  oscillators. 

In  this  paper  we  describe  the  use  of  an  asymmetric  ring  In  the  feedback  section  of  a 
negative-branch  unstable  resonator  to  allow  operation  at  arbitrarily  narrow  llnewldths  while 

> 

>  simultaneously  filling  the  entire  laser  aperture.  This  cavity  eliminates  the  usual  limitation 

on  narrow-bandwidth  operation  of  an  unstable  resonator  by  ensuring  that  only  collimated 
light  passes  through  or  reflects  from  the  frequency-narrowing  optics.  One  advantage  of  the 
^  cavity  is  that  the  multiple  stage  laser  systems  that  are  usually  used  for  the  production  of  low- 
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divergence,  narrow-bandwidth,  hlgh-power  radiation  can  be  replaced  with  a  single  laser.  Size, 
cost,  and  complexity  thus  can  be  reduced  while  reliability  is  increased. 

An  unstable  resonator  with  the  asymmetric  feedback  ring  was  used.  Collimated  light 
propagating  from  right  to  left  Is  outcoupled  by  a  scraper.  The  light  m  the  Fresnel  core  passes 
through  a  hole  In  the  scraper  and  into  the  feedback  ring  through  a  beamsplitter  with  50% 
reflectivity.  In  the  ring  the  light  passes  through  or  reflects  from  any  of  several  frequency 
narrowing  optics  such  as  gratings,  etalons  or  prisms.  Shown  for  ptirpose  of  example  is  a  single 
etalon.  The  light  Is  then  focused  by  a  lens,  after  which  It  diverges  and  reflects  from  the 
beamsplitter  back  Into  the  nuitn  cavity.  The  light  is  recolUmated  by  the  output  mirror  and 
starts  another  cavity  round  trip.  An  aperture  at  the  focus  of  the  forward-travelling  beam  In  the 
ring  blocks  most  of  the  backward  circulating  beam,  which  has  a  relatively  large  diameter  at 
that  point.  Feedback  from  the  ring  then  occurs  primarily  from  the  forward-travelling  beam 
that  passes  through  the  etalons  while  collimated. 

In  the  experiments  described  below  we  have  demonstrated  the  use  of  this  cavity  with  a 
XeCl  laser  to  produce  single-line  radiation  with  a  Unewldth  of  0. 15  cm'^.  We  used  a  Lumonlcs 
model  TE-861M-4  electric  discharge  laser  with  uniform  discharge  electrodes.  The  output 
mirror  had  a  3  m  radius  of  curvature  and  the  lens  In  the  feedback  ring  had  a  focal  length  of  30 
cm,  providing  a  cavity  magnification  of  5.  A  scraper  with  a  3.5  mm  hole  then  provided  a 
maximum  output  beam  diameter  of  17.5  mm,  which  did  not  completely  fill  the  3  cm  by  2  cm 
gain  aperture.  A  15mm  aperture  in  front  of  the  output  mirror  was  used  to  mask  the  unused  gadn 
region. 

Single-line  selection  and  coarse  frequency-narrowing  were  done  with  a  99  pm  air- 
spaced,  plezoelectrlcally-tuned  etalon  with  a  finesse  of  about  15.  Operation  on  either  of  the 
two  main  gain  lines  at  308.0  nm  or  308.2  nm  could  be  selected  tuning  the  99-pm  etalon. 
Further  frequency  narrowing  was  accomplished  with  the  addition  of  either  a  second  air- 
spaced.  plezoelectrlcally-tuned  etalon  with  a  spacing  of  0.94  trun  (finesse  =  15)  or  a  5  mm  solid 
quartz  etedon  (finesse  =  11).  The  performance  of  the  cavity  was  assessed  qualitatively  by 
recording  the  output  beam  profile  (at  a  distance  of  150  cm  from  the  scraper)  and  the  ring 
pattern  obtained  from  an  appropriate  Fabry-Perot  (FP)  Interferometer  on  photographic  film  , 
while  simultaneously  verifying  single-line  operation  with  a  grating  spectrometer. 
Quantitative  determination  of  the  Unewldth  was  determined  from  diode  array  measurements 
of  the  FP  rings.  Pulse  durations  and  output  energies  were  measured  with  a  photodiode  and  an 
energy  meter. 

The  output  beam  profile  and  the  ring  pattern  were  obtained  from  an  air-spaced  FP 
Interferometer  with  a  free  spectral  range  (FSR)  of  5.3  cm'^  when  the  cavity  was  operated  with 
only  the  99  pm  etalon  adjusted  to  select  the  308.2  nm  line.  The  output  profile  was  uniform 
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across  the  full  1.5  cm  apertiire  allowed  by  the  cavity  optics,  with  a  center  hole  corresponding  to 
the  hole  In  the  scraper  and  some  structure  due  to  Fresnel  dlfhactlon  fixnn  the  edges  of  apertures 
In  the  cavity.  The  pattern  obtained  from  the  FP  interferometer  shows  excellent  ring 
deflnltlon.and  diode  array  measurements  gave  a  bandwidth  of  1.2  cm*^. 

Further  Une-narrowlng  was  accomplished  by  adding  either  the  0.94  mm  air-spaced  or 
the  5  mm  solid  etalon  to  the  feedback  ring.  The  output  beam  profile  and  the  ring  pattern  were 
obtained  fit>m  a  FP  Interferometer  with  an  FSR  of  0.56  cm'  ^  using  the  99  pm  air-spaced  and  5 
mm  solid  etalons  in  the  cavity.  Again  the  output  profile  was  uniform  across  the  full  aperture. 
The  llnewldth  for  this  case  was  0.15  cm'^.  Similar  performance  was  obtained  when  the  laser 
was  tuned  to  the  other  main  laser  line  at  308.0  nm.  and  when  the  0.94  mm  air-spaced  etalon 
was  used  In  the  cavity  in  place  of  the  5  mm  etalon. 

In  order  to  assess  the  effectiveness  of  our  feedback  ring  In  obtaining  arbitrarily 
narrow-bandwidth  radiation  we  have  compared  Its  performance  to  that  of  a  linear,  frequency- 
narrowed,  negative-branch  unstable  resonator  with  the  same  magnification  as  the  ring  cavity. 
The  linear  cavity  was  operated  using  the  99  pm  etalon  either  by  Itself  or  with  the  5  mm  solid 
etalon.  When  the  5  mm  etalon  was  used  It  was  placed  between  the  lens  and  the  rear  mirror  to 
minimize  the  angular  divergence  of  the  light  that  passed  through  It. 

The  output  beam  profile  and  the  ring  pattern  from  the  5.3  cm'^  FP  interferometer 
obtained  when  only  the  99  pm  etalon  was  used  In  the  linear  cavity  were  measured.  The  output 
profile  was  again  xiniform  over  the  full  available  aperture  and  the  llnewldth  was  0.85  cm'  ^ . 
When  the  5  mm  solid  etalon  was  added  to  the  linear  cavity,  the  output  beam  profile  was  again 
recorded.  In  this  situation  the  output  profile  was  confined  to  a  small  region  of  the  available 
aperture,  consisting  essentially  of  an  arc  of  the  etalon  transmission  ring.  This  type  of  pattern 
resulted  because  the  etalon  had  to  be  tilted  sufficiently  far  from  normal  incidence  to  prevent 
lasing  from  Its  faces.  The  radiation  contained  within  the  restricted  lasing  region  had  a 
bandwidth  of  the  order  of  0. 16  cm'^.  However,  because  of  the  angular  acceptance  properties  of 
the  cavity  etalon,  the  narrow-bandwidth  radiation  could  not  be  obtained  over  the  full  aperture. 
Indeed,  careful  analysis  of  the  ring  pattern  shows  a  broad-band,  low-intensity  component 
indicative  of  the  wider  llnewldths  present  across  the  full  aperture. 

We  also  compared  the  output  energy  and  pulse  duration  of  the  radiation  of  the  ring  and  a 
linear  unstable  resonator.  Although  the  energy  of  the  untuned  Lnear  cavity  Is  twice  that  of  the 
untuned  ring  cavity,  the  energy  obtained  from  the  two  cavities  with  one  etalon  Is  comparable, 
and  the  ring  cavity  provides  2.5  times  the  energy  of  the  linear  cavity  with  two  etalons.  Pulse 
duration  also  decreases  for  each  cavity  as  etalons  are  added. 

We  also  attempted  to  operate  an  unstable  ring  resonator  of  the  type  described  in 
reference  6,  but  we  were  unable  to  raise  It  above  threshold  with  the  Lumonlcs  laser.  We  attribute 
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this  result  to  a  combination  of  the  long  cavity  length  of  this  configuration,  the  limited  gain 
duration  of  the  Lumonlcs  laser  and  the  fact  that  the  radiation  passed  through  the  gain  medium 
only  once  per  cavity  round  trip.  The  Importance  of  the  shortest  possible  cavity  length  is 
supported  by  our  observation  that  if  we  stretched  our  ring  cavity  imtll  it  was  comparable  in 
length  to  the  one  Just  described,  it  also  operated  below  threshold  . 
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Stable/unstable  coupled  resonator 


Th«  coupM  tiabl«unitat)l«  rcsonalar  ott*™  tha  powIbllHy  ot  tfaquancy-norroialne  an  unatabi*  raaonalor  wllhout  using  a  rtng  gaomaiiy .  The  cutvad 
output  mifror  and  tha  oonvax  surface  of  tha  mwcatrliy  optic  torm  tha  unsiaPla  resonator  cavity.  Tha  eunrad  output  mirror  and  the  flat  minor  form  tha 
restrictad-apartura  ataWa  rasonalor.  This  arrangamant  is  poMiHs  bacauaa  the  convex  and  concave  surfaces  of  die  Intracavlty  optic  have  the  same  radius 
of  curvature.  The  stable  cavity  Is  suitable  (or  frequency-narrowing  of  the  laser  radiation,  a  portion  of  which  la  injectad  Into  the  unstable  cavity  on  each 
cavity  round-tnp.  In  the  unstabla  cavity,  the  narrow-band  radiation  is  expanded,  ampllfled,  and  coupled  out.  Single-line  operailon  has  already  been 
demonstrated  using  this  hybrid  cavity  with  Xea  In  a  commercial  electric  discharge  laser. 


Unstable  resonator  with  output  ring 

m  -  -  —  m 


The  unstable  resonator  with  an  output  ring  was  conceived  as  an  alternativa  to  the  unstable  resonator  with  a 
feedback  ring.  The  major  advantage  of  the  alternative  cavity  is  the  possibility  of  placing  frequency-narrowing 
elements  in  a  position  in  the  cavity  where  highly  collimated  laser  radiation  passes  the  dements  twice  per  cavity 
roundtrip.  The  potential  for  frequency-narrowing  is  thus  much  greater  in  the  cavity  with  the  output  nng.  Operation  of 
the  cavity  with  tne  output  ring  requires  optical  isolation  for  suppression  of  the  reverse-travelling  waw.  An  optical 
isolator  for  308  nm  radiation,  based  on  the  Faraday  effect  is  under  development.  To  date,  a  6000  Gauss  permanent 
magpGt  assembly  has  been  designed,  constructed,  and  characterized.  Initial  experiments  on  Faraday  rotation  of 
linearly  polarized  laser  radiation  at  308  nm  have  been  carried  out  using  a  1 .5  cm  ADA  crystal  which  produced  a  77 
degree  rotation.  As  only  a  45  degree  rotation  is  required  for  the  optical  isolator,  ADA  will  likely  be  used  in  a  prototype 
optical  isolator  for  demonstration  of  the  unstable  resonator  with  an  output  ring 


Anti-Stokes  Raman  Scattering  introduction 


Experiments  have  been  conducted  on  stimulated  anti-stokes  Raman 
scattering  in  inverted  atomic  selenium  to  generate  laser  radiation  at 
145.7  nm.  The  inversion  is  created  by  photodissociation  of  OCSe 
with  1 93  nm  laser  radiation.  The  anti-Stokes  transition  is  then 
pumped  with  205  nm  radiation.  We  have  studied  the  conversion 
efficiency  and  tunabilify  as  a  function  of  OCSe  pressure,  pump 
intensity,  photodissociation  intensity,  and  relative  timing  of  the  pump 
and  photodissiciation  lasers.  We  have  also  studied  the  effects  of 
adding  various  buffer  gasses,  such  as  CO  and  argon,  to  the  OCSe. 
Investigations  of  competing  processes  have  also  been  conducted, 
and  several  cascade  processes  leading  to  direct  laser  action  which 
strongly  competes  with  the  anti-Stokes  Raman  process  on  exact 
resonance  have  been  identified. 


Experimental  Setup 


Narrowband 
Injection-locked 
ArF  Laser 


To  Diagnostics 


Broadband 
ArF  Laser 


146  nm  Signal  Dependence  on  pump  energy 
_ at  193nm _ 


146  nm  Signal  vs  OCSe  Pressure 


146  nm  Signal 


146  nm  Signal  Dependence  on  Ar  Pressure 


193  nm  Grating  Micrometer  Settings 


146  nm  Signal  Dependence  on  Timing 


146(10ns) 

146(20ns) 

146(50ns) 

146(90ns) 
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193  nm  Grating  Micrometer  Settings 
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Selenium  Laser  Transitions  Observed  on  Exact 
Pump  Resonance 


^ir  Transition 


6.369  ^im 

4p3(2po)5s  3P°^  ->  4p3(4S°)6p  3Po 

6.31  ^im 

4p3(2po)5s  3poi  .>  4p3(4S°)6p  3P2 

6.25 

4p3(2po)5s  3p°i  ->  4p3(4S“)6p  3Pi 

3.33  urn 

4p3(4S‘>)6p  3Po  ->  4p3(4S°)6s  3S»i 

1.515  |im 

4p3{4S»)6s  5S“2  ->  4p3(4S°)5p5P3 

1.492  |im 

4p3(4S«)6s  5S°2  ->  4p3(4S‘')5p5P2 

1.482  urn 

4p3(4S®)6s  5S“2  ->  4p3(4S»)5p5pi 

1.363  nm 

4p3(4S°)6S  3S“1  ->  4p3(4S‘’)5p5p2 

1.039  urn 

4p3(4S°)5p  3Pi  ->  4p3(4S'’)5s3S°i 

1.033  (i.m 

4p3(4S°)5p  3P2  ->  4p3(4S°)5s3S°i 

1.031  (im 

4p3(4S°)5p  3Po  ->  4p3(4S°)5s3S°l 

0.952  ^im 

4p3(2po)5s  3po.,  ->  4p3(4S°)5p  3Po 

0.800  urn 

4p3(4S»)5p  3P2  ->  4p3(4S'>)5s  5S°2 

0.5374  urn 

4p3{4S»)6p  3Pi  ->  4p3(4S'’)5s  3S°1 

0.5370  nm 

4p3(4S'>)6p  3P2  ->  4p3(4S“)5s  3S°1 

0.5365  )im 

4p3(4S»)6p  3Po  ->  4p3(4S°)5s  3S°1 
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800  nm  Signal  vs.  193  nm  Grating  Setting 


Anti-Stokes  Raman  Scattering  Summary 


Stimulated  anti-Stokes  Raman  scattering  has  been  observed  in  inverted  atomic 
Selenium.  Peak  conversion  efficiencies  from  the  205  nm  pump  to1 46  nm  on  the 
order  of  a  few  percent  have  been  observed.  The  maximum  tuning  range  obtained 
with  350  mTom  OCSe  is  approximately  20  cm-1 .  Studies  of  relative  timing  of  the 
pump  laser  relative  to  the  photodissociation  laser  have  shown  peak  conversion 
efficiency  for  delays  of  1 0  to  20  ns.  Delays  of  greater  than  about  50  ns  indicate  low 
conversion,  presumably  due  to  strong  quenching  of  the  inverted  selenium  atoms  by 
interaction  with  OCSe.  Studies  of  the  146  nm  generation  with  respect  to  pump  and 
photodissociation  laser  intensities  indicate  strong  saturation  due  of  the  available 
inverted  selenium  atoms.  Experiments  to  date  have  shown  no  advantage  to  adding 
either  CO  or  Ar  as  buffer  gasses  to  the  OCSe.  CO  appears  to  strongly  absorb  the 
generated  radiation,  while  the  presence  of  Ar  appears  to  increase  the  central, 
resonant  dip  in  the  tuning  curve,  possibly  due  to  collisional  broadening  of  the  atomic 
resonance. 
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